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Abstract
Nanomaterials have attracted extensive interest due to their unique structure and
excellent properties compared with their bulk counterparts. To obtain nanodevices with
controlled properties, it is prerequisite to synthesize nanostructured materials with
designed architecture.
In this work, low (one- and two-) dimensional nanomaterials with controlled structures
have been synthesized and characterized based on chemical vapour deposition strategy.
Our research targets cover one-dimensinoal hollow, solid, and solid @ hollow
heterostructural nanomaterials including carbon nanotubes (CNTs), nitrogen-doped
carbon nanotubes (NCNTs), SnO2 nanowires, Mo doped-SnO2 nanowires, Sn nanowires
encapsulated in CNTs (Sn@CNTs), and two-dimensional Mo2S3 nanopetals. Dependence
of product morphology, composition and phase structure on the synthesis conditions has
been systematically investigated by changing temperature, growth time, gas flow,
external atom doping, catalyst and employed substrate, to get insight into the correlation
between the structure control and growth conditions of the products and their growth
mechanism as well.
High quality CNTs and NCNTs with uniform size were synthesized on carbon paper
and Si wafer by introducing thin iron sputtering film as catalyst. High nitrogen content up
to 10.4 at% was reached in the NCNTs.

iii

iv
Controllable growth of SnO2 and Mo-doped SnO2 nanowires was obtained on different
substrates including carbon paper, stainless steel and Cu to meet substrate requirements
for practical applications. It was found that Mo doping could significantly improve the
corrosion resistance of the SnO2 nanowires.
Core-shell heterostructures of Sn nanowires @ CNTs were produced on carbon
microfibers, stainless steel and Cu substrates. Rational control on the thickness and nature
of the carbon shell of the heterostructures on carbon microfibers was realized by
modulating growth parameters and introducing extra catalyst. Multi-generation
Sn@CNTs were obtained by exploring SnO and SnO2 as starting materials. On the
metallic substrates, Sn-alloy@CNT nanostructures were obtained. In another way, SnCo
alloy nanowires @ CNTs with readily controlled Co content were achieved by
introducing cobalt-contained precursor.
Non-catalytic and catalytic growth of two-dimensional Mo2S3 nanopetals was
investigated on carbon microfibers. Without catalyst, the nanopetals with high density
were only obtained in a narrow range of the precursor concentration. With Au catalyst,
uniform nanopetals with steady high density could be achieved in a wide range of the
precursor concentration.
Morphology, composition and phase structure of the nanostructures were characterized
and analyzed by electron microscopy, X-ray diffraction, energy-dispersed spectroscopy
and Raman spectroscopy.

Keywords: nanomaterial, nanotube, nanowire, nanopetal, core-shell structure, CVD.
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Chapter 1 Literature Review
1.1 Nanotechnology
Since the emergence of nanotechnology in 1980s, it has been greatly developed in the
past decades. Nanotechnology refers to an approach for the creation and property control
of materials at a nanometer scale. At nanoscale, the properties of materials differ
significantly from their bulk counterparts. Based on this approach, very new method was
proposed that devices could be fabricated by orderly arranging atoms or molecules.
Under the title of nanotechnology, the concept of nanomaterials was proposed:
nanomaterials is defined as the materials presenting the very feature size in nanometer
scale between 1 and 100 nm at least in one dimension [1]. Nanomaterials mainly fall into
three categories: zero-dimensional nanomaterials with all three dimensions in nanometer
scale, such as nanoparticles and quantum dots; one-dimensional nanomaterials with two
dimensions in nanometer scale, such as nanotubes, nanowires and nanorods; twodimensional nanomaterials with one dimension in nanometer scale, such as nanofilms.
With the development of nanotechnology, the properties of nanomaterials have been
explored and improved, which promises the fabrication of smart devices in nanometer
scale. Compared with bulk materials, nanomaterials have unique mechanical, chemical
and electrical properties. Due to their distinctive properties, nanomaterials have been used
in various potential applications, including energy storage [2], catalyst support [3],
sensors [4], nanotweezers [5], batteries [6], probe tips [7], transistors [8], field emission
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[9] and capacitors [10]. All these nanomaterials with novel structures and excellent
properties have attracted intensive research interest and are widely explored world widely.

1.2 One-Dimensional (1D) Nanomaterials
One-dimensional (1D) nanomaterials present a novel structure with two dimensions in
nanoscale. 1D nanomaterials can be grouped into two classes by their structures. One is
nanotube which has the hollow cavity inside the structure, such as carbon nanotubes
(CNTs); the other is nanowire that possesses the solid structure like Si and SnO2
nanowires. Both nanotubes and nanowires feature 1D nanostructure which promises them
outstanding physical and chemical properties including high Young’s modulus, tensile
strength, electrical conductivity, active surface, big surface-to-volume ratio and good
optical properties, and has been well investigated for many applications [11-15].

1.2.1 1D Hollow Nanomaterials
1.2.1.1 Carbon Nanotubes
Since the first discovery by Iijima in 1991 [16], carbon nanotubes (CNTs) have
attracted much research attention. CNTs have been intensively explored as wonderful
materials due to their unique 1D hollow structure, and excellent properties such as high
tensile strength, electrical conductivity and perfect structure for various potential
applications like nanotweezers [5], sensors [17], hydrogen storage [18] and Li-ion
batteries [19].
CNTs can be considered as a cylinder formed by rolling up graphite sheets. Based on
the number of walls, CNTs are classified into two types (Figure 1-1): one is single-walled
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carbon nanotube (SWCNT) which is formed by rolling up one graphite plane to built up a
cylinder; the other one is multi-walled carbon nanotube (MWCNT) which is composed of
several coaxial graphite cylinders separated by 0.34 nm in distance [20, 21].

The

diameter of SWCNTs is very small at only around 1 nm, while MWCNTs have a bigger
diameter varying from 2 to 100 nm.

(b)

(a)

Figure 1-1: Carbon nanotubes: (a) single-walled carbon nanootube; (b) multi-walled carbon
nanotube
(http://www.nsf.gov/news/newsletter/jan_09/index.jsp

http://www.nanotech-now.com/nanotube-buckyball-sites.htm)
According to the way of rolling up the graphite sheets, SWCNTs can be divided into
three types (Figure 1-2) : zigzag (n,0) or (0,m), armchair (n,n) and chiral (n≠m) types
[21]. The n and m are integers before a1 and a2 which are the primitive vectors of the
graphite lattice. Armchair CNTs are usually metallic. If n-m= 3k, where k is integer, the
CNTs are metallic, otherwise the nanotubes are semiconducting. The interatoms are
1.44Å in distance; opposite atoms are 2.83 Å in distance; the distance between analogous
atoms is 2.45 Å [21].
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Figure 1-2: Models of nanotubes rolling up with different helicities.

CNTs provide a lot of outstanding physical and chemical properties. CNTs are 100
times stronger than the steel and only have 1/6 weight of the steel. They show high
conductivity, as over 4 times as copper. The unique structure of CNTs makes them have a
very large surface area, and their chemical stability is very excellent. SWCNT could show
superconductivity with transition temperature of 5 K [22]. The thermal conductivities of
MWCNTs can reach 3000 W/mK [23]
Various methods have been developed to prepare CNTs, such as laser ablation [24],
arc-discharge [25] and chemical vapor deposition (CVD) methods [26-28].
Synthesis of MWCNTs was reported at the earliest by Iijima in 1991 in an arcdischarge method, and Ebbesen and Ajayan reported the large-scale production of
MWCNTs later [29]. In the arc-discharge method, two graphite electrodes are placed in
the reaction zone (Figure 1-3) [30]. With direct current (dc) arc-discharge, the carbon
evaporation is generated. The growth of CNTs happens at the cathode under an Ar flow.
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Figure 1-3: Schematic diagram of arc-discharge process.

In 1993, Iijima et al. [31], and Bethune et al. [32] successfully synthesized SWCNTs
with the same method. To yield SWCNTs, anode was modified by adding metal catalysts,
like Fe and Co. The experimental procedures were similar to that for MWCNTs. After
that, bundles of SWCNTs with small diameter around 1 nm were obtained.

Figure 1-4: Schematic diagram of laser ablation process.

In the laser ablation method, a laser is applied onto a graphite target and generates a
carbon vapor which provides the carbon precursors (Figure 1-4) [33]. The growth of
CNTs could happen at the cold substrate or collector at the end of the down stream of gas
carrier.
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With pure graphite target, only MWCNTs are obtained [33]; while by adding some
catalysts (Co, Ni), a large amount of SWCNTs are obtained [34]. With laser ablation
method, it is easy to yield a large-scale of CNTs, but there are always impurities in the
products, and the reaction temperature is very high. By choosing purified C60
polycrystallline powder mixed with Co/Ni as target, the reaction temperature can be
sharply decreased to 400oC [35].

Figure 1-5: Schematic diagram of CVD process.

In comparison with other synthesis methods, CVD method provides an effective way to
produce both SWCNTs and MWCNTs for being cheap, easy setup and scaled-up of the
products [21]. In a typical CVD process, the synthesis of CNTs is usually conducted in a
quartz tube mounted in a furnace. A solid substrate (e.g. Si wafer) is placed in the tube.
The substrates are usually pre-treated by depositing a very thin catalyst film (Fe, Ni, Co)
on the surface. When the furnace is heated up to the required temperature, the
hydrocarbon gas (e.g. C2H2, C2H4) mixed with the gas carrier (Ar, N2) is introduced into
the reaction zone. The hydrocarbon gas will decompose at the catalyst surface and
provide the carbon precursors for the growth of CNTs. The growth of CNTs will
terminate when the catalysts are poisoned or the experiment is stopped. After the reaction,
dense CNTs with high purity and aligned structure will be observed on the substrate.
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Two main growth mechanisms are proposed due to the interactions between the metal
catalysts and substrates shown in Figure 1-6 [36]. Strong interaction between the catalysts
and substrates may lead to base-growth mode, in which the catalysts will always be at the
roots of the CNTs attached on the surface of the substrates. While the weak interaction
results in the tip-growth in which the catalysts are supported at the tips of CNTs during
the growth.

a

b
Figure 1-6: Growth mechanisms of CNTs. (a) base-growth, (b) tip-growth.

Both of these two mechanisms include absorption, transportation and precipitation of
carbon source at catalysts. At the beginning, small catalyst particles form on the surface
of the substrates. The carbon precursors come to the surface of the catalyst particles and
are absorbed. When the catalyst particles are supersaturated with carbon, graphitic layers
will precipitate at the top surface (base-growth) or rear side (tip-growth) of the catalyst
particles. The growth of CNTs will terminate until the stop of the experiment or the
poisoning of the catalysts.
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Many catalysts are tried for the growth of CNTs in the CVD process, such as Ni, Fe
and Co. The catalyst can be prepared with various methods, such like sputtering [37], dip
coating [38], spin coating [39]. All these methods can prepare a uniform distribution of
catalyst layer on the substrate, leading to high-quality growth of CNTs. The diameter of
CNTs is dependent on the diameter of the catalyst particles, then the diameter of CNTs
could be controlled by designing the size of the catalyst particles.
By comparing these three methods, each technique has its advantages and
disadvantages. Arc-discharge and laser ablation involve the evaporation of solid target at
high temperature, and lead to the large-scale yield of CNTs, but the CNTs are always
entangled with impurities; CVD process provides a way for low cost, simple equipments
and easy operation and the reaction temperature in CVD method is relatively lower. In
addition, CVD can make an easy approach to the aligned structure on the substrate and
bestow elemental doping inside the CNTs, which promise the growth of large scale CNTs
with modulated physical and chemical properties. Therefore, we have applied CVD
technique to synthesize CNTs in this work.

1.2.1.2 Nitrogen-doped Carbon Nanotubes
Due to the excellent properties and unique structure, CNTs have provided many
potential applications. However, to meet the requirements for the latest development and
working conditions, there is still a big challenge to modify their properties. Recent
research showed that the properties of CNTs could be tailored by doping various elements
[40-42]. In particular, nitrogen doping process could provide an effective approach to
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improve the intrinsic properties of CNTs, such as electrical properties, surface activity
and hardness [43-47].
After nitrogen atoms are incorporated in the graphite lattice, the properties of CNTs
have been tailored. Nitrogen-dpoed carbon nanotubes (NCNTs) usually show the metallic
performance in any type of helicity (armchair, zigzag and chiral) by the nitrogen doping
which introduces donor states near the Fermi level [48-50]. It is predicted that the
materials with the stoichiometry similar to C3N4 could be the hardest [51]. That indicates
the hardness of NCNTs is improved.

Figure 1-7: TEM image of NCNTs with bamboo-like structure.

Not only the properties, but also the morphology of CNTs is changed after nitrogen
doping which could bring in the bamboo-like structure (Figure 1-7) [52]. Compared with
undoped CNTs, nitrogen doping could introduce nitrogen-containing pentagon which can
lead to the bending of carbon layers. In NCNTs, compartments usually form inside
nanotubes which confirms the nitrogen content and also reflects the concentration of
nitrogen. The distance could be a sign of the nitrogen content in the nanotubes. If the
9

10
distance between compartments is small, that means the nitrogen atoms are rich in the
nanotubes; to the contrary, the big distance between compartments indicates the low
nitrogen content in the nanotubes (Figure 1-8) [53]. NCNTs synthesized at different
temperatures show the different morphologies. The high temperature helps to obtain
better graphitization of tube layers, while low temperature leads to curled graphitic layers
and high nitrogen content (Figure 1-9) [54].

Figure 1-8: TEM images of NCNTs with different nitrogen content.

a

b
Figure 1-9: TEM images of NCNTs synthesized at different temperatures. (a) low temperature; (b)
high temperature.
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Similar to CNTs, the growth of NCNTs could be a catalytic process with assistance of
metal catalysts. Fe, Co and Ni are widely used as the catalysts for synthesis of NCNTs. It
is reported that the yield of products is dependent on the catalyst performance and the
order of the catalytic ability is Fe>Co>Ni [55]. The catalysts can also affect the
morphology of NCNTs. Fe leads to the bamboo-like structure with compartments forming
inside the tubes, while Co and Ni result in the parallel tubes (Figure 1-10) [55].

a

b

Figure 1-10: TEM images of NCNTs synthesized with different catalysts. (a) Co; (b) Ni.

Similar to CNTs, the growth of N-CNTs usually follows a catalytic process with Fe, Co
and Ni as catalysts. The growth mechanisms are proposed as tip-growth and base-growth
[55, 56]. The type of growth mechanisms is dependent on the strength of the interaction
between metal catalyst and support substrates. In the typical growing process, the carbon
and nitrogen precursors encounter the catalyst which is in liquid phase, and are absorbed
by the catalysts to form alloy. When the catalysts are supersaturated with carbon and
nitrogen, they will precipitate at the surface or rear side of the catalysts.
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Figure 1-11: Growth mechanisms of NCNTs with different catalysts. (A) Fe; (B) Co or Ni.

The bamboo-like structure is easily observed with Fe as the catalyst. Iron carbide is
more stable than the thermodynamically less stable Co- and Ni-carbide, which means it is
easy to form graphitic layers at Fe catalyst surface. The growth mechanisms with
different catalysts are shown in Figure 1-11 [55]. At high concentration of carbide, the
stress arises from the internal walls, then the Fe droplet is forced out and migrates to the
tip of the tube [57]. The process is repeated by itself which leads to the periodical
compartments along the growth direction of nanotubes and forms bamboo-like structure.
In the case of Co and Ni, the diffusion through/over the catalysts and segregation from the
catalyst is easier. Then the tube layers are straighter than that in Fe assisted-growth [55].
In NCNTs, nitrogen atoms can be classified in several types based on the way they are
incorporated into graphitic lattice: pyridinic nitrogen, quaternary nitrogen, pyrrolic
nitrogen and nitrogen oxides [55, 58, 59]. In pyridinic nitrogen structure, the nitrogen
atom is sp2 hybridized bonding with two carbon atoms, while in the quaternary nitrogen
structure, a carbon atom is substituted by a nitrogen atom in the graphitic sheet [59]. The
pyrrolic nitrogen is sp3 hybridized in a five-member ring [55].
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So far, various experimental methods have been utilized to produce nitrogen-doped
carbon nanotbues: magnetron sputtering [60, 61] laser ablation [62, 63], arc-discharge
[64], and CVD [65].

Figure 1-12: (a) SEM image of NCNTs synthesized by magnetron sputtering; (b) profile of thickness
vs length; (c) growth mechanism.

Magnetron sputtering method helps to produce NCNTs with high nitrogen content. In
the process, a graphite target is used for magnetron sputtering by which C-N bonds can be
obtained in the atmosphere of a mixture of Ar and N2 in the reaction chamber [60]. The
NCNTs grow perpendicularly to the substrate. The schematic representation of the growth
mechanism of NCNTs is shown in Figure 1-12 [60].
In the laser ablation process, a graphite target is ablated to provide carbon precursors.
Nitrogen precursors are produced by the discharge of plasma of N2. The nitrogen is doped
into the graphitic lattice during the growth of products.
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In arc-discharge method, NCNTs are prepared between two graphite electrodes in a
bell jar. A hole is drilled in the electrode and filled with metal catalyst and graphite
powders. The carbon precursors are vaporized by an arc-discharge between the electrodes
and quenched in a N2 atmosphere with various nitrogen partial pressures.

The as-

synthesized NCNTs are shown in Figure 1-13 [64].

Figure 1-13: SEM image of as-synthesized NCNTs with arc-discharge method.

CVD method is one of the most facile approaches in which different nitrogen content
can be incorporated into carbon nanotubes by using various precursors [52, 66, 67].
Compared with other nitrogen-contained materials, melamine (C3N6H6) is one
commercial source of carbon and nitrogen with low melting temperature around 360 ºC
[68], which has similar atomic arrangement to that of C3N4 [69]. Catalytic decomposition
of melamine can generate pre-existing C-N bonds, which may promote the formation of
carbon nanotubes with high nitrogen concentration [57, 66, 70]. In the typical CVD
process, the reaction usually happens in a quartz tube. Before reaction, catalyst will be
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deposited by sputtering or dip-coating on the substrate which is placed in the quartz tube.
When the system is heated up to the required temperature, C- and N-contained sources
are introduced into the reaction zone. The growth of NCNTs happens at the catalyst sites.
During the nitrogen-doping process, the nitrogen content in nanotubes can be affected
by the experimental conditions, precursors and synthesis methods. High reaction
temperature could lead to the low nitrogen content [54, 71]. Many precursors, such as
pyridine, melamine and acetonitrile, are reported to synthesize NCNTs with various
nitrogen contents. NCNTs using acetonitrile as precursor show a high nitrogen content of
16-20 at% [54]. Using magnetron sputtering can produce NCNTs with high nitrogen
content up to 26 at% [72].

1.2.2 1D Solid Nanomaterials
1D nanomaterials not only include nanotubes, but also nanowires. Like nanotubes,
nanowires have the 1D morphology with a long length, small diameter but solid core
which quite different from nanotubes with a hollow structure. The unique structure of the
nanowries provides good properties, such as electrical transportation which is quite
different from the bulk materials. Within nanowires electrons should be confined laterally
[73]. Nanowires usually have the sharp tips and big surface area which have been studied
for applications, such as electronics, optoelectronic and sensing applications [74-77].
To produce dense and high-quality nanowires, various techniques are used: laserablation [78], CVD [79-81], template [82-84] and solution methods [85, 86].
Laser ablation method is a unique technology to prepare 1D nanomaterials like
nanowires. The schematic of the equipments used in this method is shown in Figure 1-14
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[73]. In this process, a laser beam is irradiated and applied on the target containing
starting materials. The applied laser could be a high-power pulsed laser [87], like
interfered femto-second laser [78] and excimer laser [88]. The laser can ablate the target
into vapor phase. The vapor is transported by gas carrier to the substrates or collectors on
which the nucleation and growth of nanowires happen. The gas carrier in the reaction
could be many inert gases like Ar and N2.

Figure 1-14: Schematic diagram of laser ablation method.

Laser ablation method shows several advantages in the synthesis of nanowires. 1) In the
preparation of the starting materials, it is not necessary to make the materials in the
crystalline phase. Precursors and catalysts can be mixed together as the targets. 2) It
provides an easy way to prepare nanowires which have the high melting points. 3) With
this method, nanowries with single or multiple components could be obtained (Figure 115) [89]. 4) After ablation, the vapor has the same stoichiometry with the targets.
The growth of nanowires in laser ablation could also be affected by the power of laser,
gas carrier and reaction temperature [73].
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Figure 1-15: Schematic diagram of growth mechanism of nanowries with multiple compositions by
laser ablation method.

In the template method, there are usually two steps to synthesize nanowires. Firstly, an
anodic alumina membrane (AAM) with porous structure is prepared. This kind of porous
structure as a template is quite popular for the synthesis of nanowires. It can be prepared
by anodizing a pure Al plate in various acid solutions [90, 91]. The AAM usually has a
well ordered hexagonal array. All the tunnels are parallel to each other. The top view of
AAM is shown in Figure 1-16 [91].

Figure 1-16: Top view of AAM template.
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After the preparation of AAM, the materials could be filled into the pores by different
methods: pressure injection [92], electrochemical deposition [93] and sol-gel deposition
[94]. Pressure injection is usually for synthesis of nanowires with highly crystalline and
low melting points. In electrochemical deposition method, a conducting metal film acts as
cathode for electroplating. Electrochemical deposition method is used to produce
different types of nanowires, and is cost-effective. The sol-gel method contains the
preparation of suspension of colloidal particles (sol) by hydrolysis of the precursor, and
condensation of the sol to yield the gel. The sol-gel method can be used to prepare
nanowreis of multi-component complex nanowires [95].
Solution method shows some advantages like high yield, low cost and simple operation,
and can be used for synthesis of metal, semiconductor and oxide nanostructure with good
control of shape and composition [73]. In this method, nanowires can be prepared assisted
with templates like AAM. On the other hand, the nanowires can also grow in solution
anisotropically without template due to the different surface energy [73].
CVD is quite a popular method for the synthesis of 1D nanomaterials, especially for
preparation of nanowires, for several advantages, such as low cost, simple equipment
setup and easy operation. Another advantage is that CVD method can easily lead to the
formation of an array of nanowires with aligned structure and high purity. CVD method
has been used to produce various nanowires like Si [96], Ge [97] and SnO2 [79]. The
equipment setup is shown in Figure 1-17. In a typical CVD process, the reaction usually
happens in a quartz tube mounted in a furnace. The starting materials will be vaporized at
the elevating temperature. The vapor could be transferred by a gas carrier to the substrates
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or collectors at which the growth of nanowires happens. After reaction, the furnace is
cooled down to the room temperature. The nanowires will be found on the substrates or
collectors. In CVD method, the growth of nanowires is usually a catalytic process.
Compared with other metal catalysts, Au usually presents better performance in the
growth of nanowires [73, 98, 99]. However, the reason is not entirely clear. Au is usually
inactive with the gas carrier such as nitrogen, hydrogen and argon [99]. At low
temperature, Au can form alloys with other materials which make it as a good choice as
the seed for the nanowire growth.

Gas Carrier
Starting
Powders

Substrate

Furnace
Figure 1-17: Schematic diagram of CVD method.

1.2.2.1 SnO2 Nanowires
The intensive studying on the synthesis of nanowires of semiconducting materials leads
to the development of electronics devices. SnO2 nanowires as the semiconductor, with a
wide-band gap (Eg=3.6 eV, at 300 K) have been intensively explored for various
applications, including electrodes [83, 100, 101], gas sensors [4, 102, 103], solar cells
[104], and catalyst support [9].

19

20
SnO2 nanowires could be prepared in various methods, such as CVD [105-110],
hydrothermal [85], laser ablation [111] and template methods [82-84].
CVD method is very popular for the synthesis of SnO2 nanowires for the simple
equipment setup, easy operation and low reaction temperature. In the CVD process,
different materials are chosen as the starting materials to yield dense products. Sn powder
is widely used as the Sn source due to the low melting point at 231 ºC [79-81, 112-114].
SnO is another choice to provide Sn precursors during the synthesis [115-121]. Although
with high melting point (1630 ºC), SnO2 can also be utilized as Sn source for the growth
of SnO2 nanowires [105-110], but the requirements of the experimental conditions and
equipments are higher. If Sn and SnO are used as starting materials, oxygen gas or water
which provides oxygen precursors is usually introduced into the reaction zone during the
process [79, 81, 113-115, 119], while it is not necessary to introduce additional oxygen
source if SnO2 is chosen as the starting materials [106, 108, 110]. Various substrates are
explored to collect the SnO2 nanowires, such as Si wafer [109], ceramic boat [121], Pt foil
[122], and sapphire [116].
The growth mechanism of the as-synthesized SnO2 nanowires in CVD method usually
follows a vapour-liquid-solid (VLS) process which was proposed in 1964 by Wagner and
Ellis [123]. During the typical VLS process, Au as one of the most popular catalysts is
used to initiate the growth of nanowires [79, 81, 107]. At the elevating temperature, Au
particles firstly form on the surface of substrate as the initial nuclei. Sn precursors can be
either directly vaporized from the precursors or from the decomposition of the starting
materials. Then the vapor of Sn precursors will be transported by the gas carrier to the
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reaction zone and absorbed by Au particles at the surface. Sn precursors alloy with Au
and diffuse along the surface of the particles. Meanwhile, oxygen precursors provided by
oxygen gas or water are also introduced into the reaction zone. When the alloy droplet is
supersaturated with Sn, Sn will precipitate and react with the oxygen precursors to form
SnO2. The SnO2 forming between the catalyst and substrate leads to continuous growth of
SnO2 nanowires.
In the laser ablation method, either pure Sn (Figure 1-18a) [124] or SnO2 (Figure 1-18b)
[111] can be directly used as target for the synthesis of SnO2 nanowires. If pure Sn is used
as a target, a mixed gas carrier containing oxygen will be introduced into the reaction
zone to provide oxygen precursors, and Au nanoparticles will server as catalysts. On the
other hand, as SnO2 is chosen as target, the SnO2 nanowires will grow without additional
oxygen supply and the growth could be a self-catalytic process.

a

b

Figure 1-18: (a) SEM image of SnO2 nanowires with Sn as precursors, (b) TEM image of SnO2
nanowires with SnO2 as precursors.

Template method usually contains two steps: 1) preparation of porous template and 2)
filling porous template with SnO2 nanowries. AAM is the most popular template used in
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this method by anodizing Al plate. After the preparation of AAM template, the SnO2
could be filled into the pores in different ways. a) After electrodepositing Sn nanowires in
template, oxidation will convert the Sn nanowires to SnO2 nanowries. But the SnO2
nanowires are formed by particles with polycrystalline structure and defects [82]. b) CVD
process can also fill the template with SnO2 nanowries. The results are quite interesting.
In the CVD process, at different reaction temperatures, diameters are different, although
with the sample conditions of template and catalyst. If without the assistance of the
catalyst, at the same synthesis condition, the morphology of nanowires is also quite
different, changing from nanowires to nanoflag (Fig 1-19) [84]. The results indicate that
the template is not the only factor that can determine the final morphology of nanowires.
Instead, the synthesis method and experimental conditions like temperature and catalyst
could also affect the final morphology of nanowires in template method.

b

a

Figure 1-19: SEM images of the morphology of SnO2 nanowires synthesized by template method. (a)
with catalyst, (b) without catalyst.
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Compared with other synthesis methods, hydrothermal method has a quite simple
requirement of the reaction temperature which is relatively lower. In this method, there
are usually no additional seeds, templates or even surfactant involved in the solution. The
growth of nanostructure can be affected by controlling the nucleation sites, the
coordination states of coexisting species, supersaturated and kinetic growth regime in
aqueous system [125]. In a typical synthesis route, the Sn-contained source is dissolved
with other reactant in an aqueous solution (e.g. deionized water, alcohol). The solution is
stirred to make it homogeneous before it is transported into a Teflon autoclave which is
usually used as a popular hydrothermal reactor. A substrate like Si wafer is usually put

a

b

Figure 1-20: SnO2 nanowires with hydrothermal method.

into the reactor as well. The hydrothermal reactor is heated up to the required temperature
at which the growth of nanowries happens. The reaction usually takes several hours. After
that, the products are washed with distilled water for several times to remove the residual
unreacted species. Finally, the products are annealed at proper temperature to yield SnO2
nanowries. The morphology of SnO2 nanowires can be controlled by the synthesis
23

24
conditions, such as the growing temperature, and the concentration of Sn precursors in the
solution [85]. One disadvantage of this method is the long reaction period. To yield long
and scale-up SnO2 nanowires, the reaction period is usually very long, even to 24 hours.
The SnO2 nanowires prepared by hydrothermal method are shown in Figure 1-20 [85].

1.2.2.2 Elemental Doped SnO2-based Naowires
Although SnO2 nanowires have already been widely used in many applications to meet
the requirements of the development of devices, the properties of SnO2 nanowires could
be further improved to yield better performance. Many studies show that there are several
ways to modify the properties of nanowires. One effective method is doping various
elements into nanowires [126-128]. With this method, the properties such as mechanical
and conductivity of original nanowires can be improved. Li et al. prepared Sb-doped
SnO2 as biosensor which presents improved electron transfer properties and high
electroactivity to H2O2 [129]; Zhang et al. yielded SnO2 nanowires with great enhanced
magnetization by Cr doping [130]; Dong et al. approached to faster response of Pt-doped
SnO2 nanofibers as sensor than undoped SnO2 nanofibers [131]. The SnO2/inactive
system as anode which is fabricated by doping other elements, will effectively buffer the
volume exchange during charge/discharge process in Li-ion batteries. One of the doped
inactive materials could be Mo which can also benefit the electrochemical properties of
the anodes in Li-ion batteries [132, 133]. To synthesize these nanomaterials, different
methods have been utilized, such as CVD [130], hydrothermal [128] and electrospinning
accompanied with calcination [127].
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1.2.2.3 Sn-based Nanowire @ CNT Core-Shell Nanostructures
Besides elemental doping, another approach to modify the properties of nanowires is to
form a core-shell structure either by coating or encapsulation of nanowires in nanotubes
[134-138]. For the pristine metal nanowires, these nanowires can be easily oxidized and
contaminated due to their high surface chemical reactivity, which may fade their
performance. The introduction of additional shell can effectively enhance the stabilization
and passivation of the active surface and prevent the aggregation of the nanostructures.
Nowadays, more research attentions have been paid to 1D core-shell nanomaterials
consisting of metal nanowires as core and carbon layers as shell, such as Sn or SnO2
nanowires encapsulated in CNTs (Sn@CNTs or SnO2@CNTs).

Figure 1-21: Schematic route of growth mechanism of Sn@CNTs.

Li et al. [139] claimed the first in-situ synthesis of Sn@CNTs via CVD method. The
synthesis process was carried out in a typical CVD method. Pure Sn was used as the
starting materials. The growth of the novel Sn@CNT core-shell structure followed a self-
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catalytic growth on a commercial carbon paper. Sn nanowries and CNTs grew
simultaneously to form the core-shell structure until the reaction was terminated. The
schematic route of growth is shown in Figure 1-21 [139]. After the reaction, aligned
products with core-shell structure were observed on the substrate with smooth and clean
surface (Figure 1-22) [139].

a

b

Figure 1-22: (a) SEM and (b) TEM images of Sn@CNTs

Ji et al [138] showed the ex-situ process to produce 1D core-shell structure by coating
SnO2 nanorods array with carbon (Figure 1-23). SnO2 nanorods were synthesized in a
hydrothermal method, directly growing on a Fe-Co-Ni alloy substrate. Then the products
were transferred into a glucose solution and heated to generate carbon coating outside the
nanorods. This core-shell structure as the anode in Li-ion batteries presented an excellent
performance and capacity retention. The direct growth on the current collector also
provided a good electronic transportation.
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a

b

Figure 1-23: (a) Schematic route of synthesis of carbon-coated SnO2 nanorods, (b) SEM image of
carbon-coated SnO2 nanorods.

With the porous structure, AAM can be used as the template to produce SnO2@CNTs
with nanowire-like morphology [135]. The route of preparation is shown in Figure 1-24a
[135]. AAM template with hydroxyl group layer depositing inside the holes was dipped
into the SnO2 sol. The SnO2 sol filled in the holes was converted to gel by heat treatment
subsequently. The products were further annealed to yield the final single crystal SnO2
nanowires encapsulated in amorphous carbon nanotubes. The template was removed to
expose the core-shell structure shown in Fig 1-24b [135]. The SnO2@CNTs showed a
better performance as the anode used in Li-ion batteries with good capacity retention.

a

b

Figure 1-24: (a) Schematic route of synthesis of carbon-coated SnO2 with template method, (b) SEM
image of carbon-coated SnO2.
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As CNTs have the hollow cavity, CNTs can also be used as a smart template to be
filled with SnO2 to prepare the 1D core-shell structure [134]. Firstly, the pre-synthesized
CNTs were opened by treated with HNO3 solution for 24 hours and then washed with
water. After that, SnCl2 solution was filled into the cavity of CNTs by capillary reaction.
Then, the CNTs were treated by heated at 140ºC to lead to the precipitation of SnO2.
Finally, the mixture was calcinated at 600ºC to induce the further growth of SnO2. A
schematic representation is shown in Figure 1-25 [134].

Figure 1-25: Schematic diagram of filling CNTs with SnO2.

The fabrication of rambutan-like tin-carbon nanocomposites in ex-situ process was
proposed by Deng et al. (Figure 1-26) [140]. Firstly, SnO2-contained carbon mesospheres
were prepared by hydrothermal method from a solution of SnCl4 and glucose. The SnO2contained carbon mesospheres were treated in CVD process under a mixed atmosphere of
acetylene and N2. The as-synthesized nanostructure had a rambutan-like morphology
shown in Figure 1-26 [140].
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a

b

Figure 1-26: (a) SEM and (b) TEM images of rambutan-like tin-carbon nanocomposites.

The carbon shell in these nanomaterials has played an important role in the
stabilization of the structure and improvement of the properties. Firstly, the additional
carbon shell can increase the electrical conductivity of the nanowires of semiconductors
(SnO2); secondly, the carbon shell may protect the nanowires which have active surface
(Sn) from damage in various working environment; thirdly, this introduction of carbon
shell can effectively stabilize the novel structures [141-143].

1.3 Two-Dimensional (2D) Nanomaterials
The morphology, size and dimensionality of the nanostructures can affect their
properties. Recently, intensive studies have been devoted to 2D nanostructures, including
nanosheets, nanoflakes, nanopetals and nanofilms [144]. All the nanostructures usually
have the sharp edges and big surface area which can be used for potential applications,
such as gas sensors, field-emission, and electrodes [145-147].
To yield dense and high-quality 2D nanostructures, different methods have been
explored including CVD [147-149], hydrothermal synthesis [150, 151], thermal treatment
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[152] and sputtering [153] methods. Based on the synthesis methods, there are different
growth mechanisms. The 2D nanostructures could be directly converted from a very thin
film [146], or precipitate at catalysts due to the supersaturation [152]. They can also
nucleate in the hydrothermal environment to form the nanosheet morphology [154].
After the synthesis, dense nanowalls or nanosheets would automatically assemble into
flower-like structure due to some factors like the degree of supersaturation, the surface
and interfacial energy, and the structure of the crystals [154].

a

b

c

d

Figure 1-27: Flower-like nanostructure synthesized with different methods. (a) MoS2; (b) MoS2; (c)
Hydroxyapatite; (d) SnO2.
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The flower-like morphology provides a big surface area and an open three-dimensional
structure shown in Figure 1-27 [146, 149, 154, 155]. Due to the unique structure and
nano-scale size, the nanomaterials with flower-like structure could be used as gas sensors,
catalysts, chemical engineering and drug delivery.

1.4 Research Objectives
To meet the requirements of the fast development and applications in various fields,
nanomaterials with novel structures and improved properties are widely explored by
using different synthesis methods with controlled synthesis parameters. In this Ph.D
thesis, I focus on the synthesis of 1D and 2D nanomaterials by the CVD process to
produce novel nanostructures, and all these nanostructures are characterized by various
techniques.
In chapter 2, the details of synthesis procedures of nanomaterials including CNTs,
NCNTs, SnO2 nanowires, Mo-doped SnO2 nanowires, Sn@CNTs and Mo2S3 petals, were
presented. The principles of characterization methods and equipments were illustrated as
well.
In chapter 3, the synthesis of CNTs and NCNTs was presented. The effects of various
synthesis parameters such as growth temperature, flow rate of hydrocarbon gas (C2H4)
and growth time, on the growth and morphology of CNTs were studied. NCNTs with
high nitrogen content were obtained by controlling the reaction temperature, and the
influence of nitrogen doping on the morphology of CNTs was revealed.
In chapter 4, dense SnO2 nanowires were produced on various substrates including
carbon paper, stainless steel and Cu. The growth of SnO2 nanowires is quite sensitive to
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temperature and the effect of temperature on the growth of SnO2 nanowires has been
explored.
In chapter 5, Mo was doped into SnO2 nanowires to tailor the properties. The effects of
Mo doping on the growth and morphology were studied, as well as the improvement of
corrosion resistance by Mo doping.
In chapter 6, the synthesis of Sn@CNT core-shell structure was presented. The study of
designing the thickness of outer carbon shell by controlling the synthesis parameters, such
as growth temperature, flow rate of hydrocarbon gas (C2H4) and growth time, was carried
out.
In chapter 7, Fe film was introduced into the synthesis of Sn@CNTs. The influence of
Fe as catalyst to switch the nature of outer carbon layers from amorphous carbon to
graphitic one was explored.
In chapter 8, SnO2 and SnO replaced pure Sn and acted as starting materials to prepare
Sn@CNTs. The effects of SnO2 and SnO on the growth, morphology and crystallinity of
outer carbon layers were investigated.
In chapter 9, Sn@CNT core-shell structure was synthesized on stainless steel and Cu
substrates. The effects of substrates on the growth, composition and morphology of the
core-shell structure were illustrated.
In chapter 10, Co was incorporated into Sn@CNT core-shell structure. The influence
of Co at different alloying levels on the growth and morphology of the core-shell
structure was studied.
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In chapter 11, the synthesis of 2D Mo2S3 nanopetals was carried out. The effects of
S/MoO3 ratio and Au catalyst on the growth were investigated. At the optimal
experimental condition, flower-like structure was obtained.
In the final chapter 12, the conclusions of these results were drawn and the future work
on these parts was presented.
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Chapter 2 Experimental Methods
2.1 Synthesis Methods
2.1.1 Synthesis of Carbon Nanotubes
1) Regular Carbon Nanotubes (CNTs)
Regular carbon nanotubes (CNTs) were synthesized via chemical vapor deposition
(CVD) method. The synthesis was carried out in a quartz tube which was mounted in a
furnace. Commercial carbon paper and Si wafer were used as the substrates which were
placed at the center of the quartz tube. Before the reaction happened, a very thin Fe film
around 5 nm in thickness acting as catalyst was deposited on the surface of the substrates.
The quartz tube was purged by an Ar flow of 300 sccm for 15 minutes, and then the
system was heated up to reaction temperature with a heating rate of 30°/min. When the
furnace reached the reaction temperature, a mixture of C2H4 (5~100 sccm) providing
carbon precursors and H2 (100 sccm) acting as reductant to keep the catalyst active, was
introduced into the reaction zone. The growth of CNTs began at the surface of the
substrates.
2) Nitrogen-doped Carbon Nanotubes (NCNTs)
The synthesis of nitrogen-doped carbon nanotubes (NCNTs) was quite similar to that
of CNTs. The reaction was also carried out by the CVD method in a quartz tube mounted
in a furnace. A piece of Si wafer with Fe film (5 nm in thickness) was used as the
substrate placed at the center of the tube. An Ar flow (300 sccm) was used to purge the
tube for 15 minutes before reaction and acted as gas carrier. The difference from the
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regular CNT growth was that we used melamine (C3H6N6) as the starting material in this
case. According to the composition of the precursor, melamine can provide both carbon
and nitrogen sources for NCNT growth. Melamine was put close to the entrance of the
furnace. At the elevating temperature, melamine vaporized and was transported by Ar
flow to the center of quartz tube to induce the growth of NCNTs at the surface of the
substrate.

2.1.2 Synthesis of SnO2 Nanowires
1) Pristine SnO2 Nanowires
SnO2 nanowires were prepared by CVD method on various substrates including carbon
paper, stainless steel and Cu. To prepare SnO2 nanowires, pure Sn powder (melting point:
231 °C) was used as the starting material and placed at the center of a quartz tube. A very
thin Au film with 5 nm in thickness acting as catalyst was deposited on the surface of the
substrates mentioned above. Before depositing catalyst film, pre-treatments of the
metallic substrates were applied, including: polishing, etching and washing. The
substrates were put close to the Sn powder at the down stream of an Ar carrier gas (400
sccm). The quartz tube was purged by the Ar flow for 15 minutes before reaction. When
the system was heated up to the desired temperature, the growth of SnO2 nanowires was
triggered.
2) Mo-doped SnO2 Nanowires
To synthesize Mo-doped SnO2 nanowires, we used MoO3 as the Mo source. The
synthesis process was the same with that used to prepare SnO2 nanowires. And the
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difference was that the starting materials were composed of the MoO3/Sn mixtures with
various weight ratios.

2.1.3 Synthesis of Sn-based Nanowire @ CNT Core-Shell Structures
1) Crystalline Sn @ Amorphous CNTs
Sn nanowires encapsulated in amorphous carbon nanotubes (Sn@CNTs) were
produced via CVD method. Sn powder was chosen as the starting material to provide Sn
precursors, and placed at the center of a quartz tube. An Ar flow was used to purge the
quartz tube for 15 minutes before reaction and acted as gas carrier. A piece of commercial
carbon paper used as the substrate was put very close to the Sn powder at down stream of
the Ar flow. When the quartz tube was heated up to reaction temperature, C2H4 acting as
carbon source was introduced into the reaction zone to provide carbon precursors by
pyrolysis. Then the core-shell structure began to grow on the surface of the substrate.
2) Crystalline Sn @ Crystalline CNTs
To tune the nature of carbon nanotubes in Sn@CNTs from amorphous carbon to
crystalline phase, Fe was introduced into the system to use as catalyst to grow crystalline
CNTs. A very thin Fe film with 5 nm in thickness was deposited on the carbon paper
before reaction. All the other experimental conditions and procedures were the same with
that of Sn@CNTs with amorphous carbon.
3) The Growth Using SnO2 and SnO as the Precursors
Sn@CNTs can be prepared with different precursors besides pure Sn powder. SnO2
(melting point 1630 °C) and SnO (melting point 1080 °C) can be used as Sn sources at
low temperature with the presence of C2H4. The synthesis procedures and substrate were
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the same with those of using pure Sn powder as the starting material. The only difference
was replacing the Sn powder with SnO2 or SnO to provide Sn precursors during the
reaction.
4) The Growth on Stainless Steel and Cu Substrates
Sn-based alloy @ CNTs hybrid nanostructures (Sn-alloy@CNTs) were deposited on
stainless steel and Cu via CVD method. The stainless steel and Cu acted not only as the
substrates but also provided dopants during the reaction. Before reaction, the substrates
were pre-treated. For stainless steel, firstly, the substrate was polished with sand paper;
secondly the surface was etched by acids (HCl: 1mol/l or HF 10% by volume ratio) for 30
min; finally the substrate was washed with distilled water. For Cu, the substrate was also
pre-treated in the same procedures, but only etched by HCl (1mol/l). Sn powder was still
used as Sn source and placed at the center of a quartz tube. The stainless steel and Cu
were located near the Sn powder at the down stream of an Ar flow (400 sccm) which
acted as gas carrier and purged the quartz tube. When the system was heated up to
reaction temperature, C2H4 was introduced into the reaction zone to provide carbon
precursors. The growth of Sn-alloy@CNT composites happened at the surface of stainless
steel and Cu substrates.
5) Synthesis of SnCo@CNTs
SnCo@CNT nanomaterials were synthesized via CVD method. To incorporate Co into
the nanostructure, Co(NO3)2·6H2O was added into the starting materials together with Sn
powder. Various weight ratios of Co(NO3)2·6H2O : (Sn and Co(NO3)2·6H2O) were tried
to investigate the effects on the growth of nanostructures. The equipment setup and
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procedures were similar to those for the synthesis of Sn@CNTs. The mixtures of starting
materials were loaded at the center of a quartz tube. A piece of carbon paper as the
substrate was placed next to starting materials at the down stream of an Ar flow (400
sccm). The quartz tube was purged by the Ar flow for 15 minutes before reaction. When
the system was heated up to the required temperature, C2H4 was introduced into the
reaction zone to provide carbon precursors. Then the growth of SnCo@CNT composites
happened on the carbon paper surface.

2.1.4 Synthesis of Mo2S3 Nanopetals
Two-dimensional Mo2S3 nanopetals were prepared via CVD method. Sulfur and MoO3
powders were chosen as the starting materials. Sulfur powder was placed at the up stream
of an Ar flow (400), while MoO3 powder was put at the center of the quartz tube. A piece
of carbon paper as the substrate was located near the MoO3 powder at the down stream of
the Ar flow. To control the morphology and density, Au film was deposited on the carbon
paper. Then the system was heated up to the required temperature, and the growth of
nanostructure happened at the surface of carbon paper.

2.2 Characterization Apparatus
2.2.1 Scanning Electron Microscope
Scanning electron microscope (SEM) is a powerful and typical tool to analyze the
surface condition of specimen by scanning the specimen with a high-energy electron
beam. SEM has some features which make it very useful in analysis of surface condition
of specimen. The most outstanding feature is that SEM can provide a high magnification
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observation even upward of 800,000 times. It can also detect the condition in a certain
distance under the surface and distinguish the composition of the sample.

Figure 2-1: Schematic diagram of working principle of scanning electron microscope.

(http://science.howstuffworks.com/scanning-electron-microscope2.htm)
A typical SEM consists of several major parts: electron gun, lenses (condenser and
objective lenses) and detectors. The schematic diagram of SEM is shown in Figure 2-1.
When SEM works, an electron beam is emitted by an electron gun usually made of
tungsten. An anode is placed to apply a force to accelerate the electrons. The electron
beam passes through one or two magnetic condenser lenses and objective lens combined
with pairs of scanning coils, and is focused as a fine beam at the surface of specimen. The
scanning coils can deflect the beam along x and y axes to scan cross the specimen in a
raster fashion. When the incident beam interacts with the atoms of specimen at the
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surface, signals like the secondary electrons, back-scattered electrons and characteristic
X-rays are generated and captured by the certain detectors [1,2]. After that, the signals are
converted into images and shown on the display screen. The SEM images are usually
produced by using the secondary electron mode. The magnification of SEM is not
controlled by the condenser lenses but by both the ratio of dimension of raster on
specimen and display screen. The high resolution of SEM promises the deep investigation
on morphology and composition of materials at nanometer scale.

2.2.2 Transmission Electron Microscope
Transmission electron microscope (TEM) is a common tool used to analyze the nature
of sample including electronic structure and crystal orientation at atomic level. Compared
with optical microscope, TEM has a similar working mechanism but uses fine electron
beam instead of light. Because of the much shorter wavelength of electron beam, TEM
can go to very high resolution at angstrom level.
The electron beam used in TEM is usually generated by an electron gun at the top of
TEM column [3]. The electron beam is accelerated by anode and pass through condenser
lenses where the electrons are focused into a fine beam. The fine electron beam will travel
through the specimen. Some of the electrons will be deflected when the beam pass
through the specimen. If the density of the specimen is high, more electrons will be lost.
On the other hand, the transmitted electrons come to the objective lens to form the image
or diffraction which can reveal the periodical crystal lattice and atomic positions [4]. The
image is magnified by intermediate and projector lenses and shown on the fluorescent
screen and recorded. The images are usually in black and white. At the thick part of
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specimen, less electrons transmit resulting dark image on the screen, while at the thin part,
more electrons pass through the specimen and give the bright image.

Figure 2-2: Schematic diagram of working principle of Transmission electron microscope.

(http://www.sleepingdogstudios.com/Network/Biology/Bio_3.1_files/frame.htm)

2.2.3 X-ray Diffraction (XRD)
X-ray diffraction is a non-destructive technique used to investigate the information of
the materials about the atomic structure and chemical composition. An X-ray
diffractometer usually consists three parts: X-ray tube, sample holder and detector.
X-ray is generated at X-ray tube by using electron beam bombarding a target. When
the electrons at the inner shell in the target material were dislodged out and the electrons
from outer shell collapsed into the inner shell, the X-ray is emitted [5]. When the X-ray
impacts the sample, the incident X-ray may be diffracted and reflected off the sample. In
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some directions, the diffracted rays may reduce the intensity by destructive interference,
while in some certain directions the intensity will be increased by constructive
interference of the diffracted rays and recorded by detector for analysis of the sample.
The enhanced intensity by constructive interference can be expressed in Bragg’s law
which can reveal the detailed information of crystalline lattice of the sample:

2dsinθ=nλ,
where d is the distance between the lattice planes, θ is the incident angle of the X-ray, n
is any integer and λ is the wavelength of the incident X-ray [6].

Figure 2-3: Schematic diagram of working principle of X-ray diffraction.

(http://serc.carleton.edu/research_education/geochemsheets/techniques/SXD.html)

2.2.4 X-ray photoelectron spectroscopy
X-ray photoelectron spectrometer is a surface analysis technique. It can obtain the
information from 1 to 10 nm under the surface of studying samples, depending on the
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structure of the samples. XPS is used for investigation of chemical composition and
electronic state of samples. The typical XPS system usually contains an X-ray source,
ultra-high vacuum chamber, sample holder and detector. When the X-ray impacts the
sample surface, the photoelectrons are generated from the sample. The detector will
capture the signals and analyze the binding energy. Based on the binding energy, the
information of composition and chemical state of the sample is revealed.

Figure 2-4: Schematic diagram of working principle of X-ray photoelectron spectroscopy

(http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
http://wiki.utep.edu/display/~dmarrufo/X-ray+Photoelectron+Spectroscopy)

2.2.5 Raman spectroscopy
Raman spectroscopy is a unique technique for investigation of chemical composition,
molecular structure and vibration of Raman active materials. When the monochromatic
light encounters the molecule, most of the photons will be scattered and keep the same
frequency. This is called Rayleigh scattering or elastic scattering. However, there is a
small amount of photons are scattered and interact with the sample which leads to the
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change in energy, and the change in energy will lead to the shift of the frequency [7]. This
effect is known as Raman scattering.
To produce Raman spectra, the instrument usually consists of a light source (laser),
optical lens, sample holder and detector. The light encounters the sample and is scattered.
The energy exchange between the incident photons and the molecules in the sample will
be detected and analyzed to produce Raman spectra.

Figure 2-5: Energy level of states in Raman spectroscopy.

(http://en.wikipedia.org/wiki/Raman_spectroscopy)
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Chapter 3 High Quality Regular and Nitrogen-doped
Carbon Nanotubes by Chemical Vapor Deposition 
3.1 Abstract
Regular carbon nanotubes (CNTs) and nitrogen-doped carbon nanotubes (NCNTs)
with high quality and purity, uniform size and desirable alignment were prepared and
systematically investigated by using chemical vapor deposition (CVD) method on carbon
paper and Si substrates, respectively. A thin Fe film (5nm) as the catalyst was deposited
on the substrates before reaction. For CNTs, effects of temperature, precursor
concentration and growth time on the CNT growth have been studied. The results indicate
that growth temperature and flow rate of carbon precursors have to be carefully designed
to control the density and alignment of the CNTs, and the length of CNTs is almost
proportional to the growth time. For NCNTs with a bamboo-like structure, the
morphology, structure and composition of the products, as well as the content and
distribution of nitrogen inside the nanotubes were influenced by temperature. High
temperature could enhance the growth of NCNTs with high density and aligned structure,
but decreased the nitrogen content inside the products. NCNTs with nitrogen content up
to 10.4 at.% were achieved at a low temperature of 800ºC.

3.2 Introduction
Carbon nanotube (CNT) has been intensively investigated around the world, since it
was firstly discovered by Iijima in 1991 [1]. CNT has been considered as a promising


A part of this chapter has been published in J. Phys. Chem. Solids 71 (2010) 134.
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material for its unique structure and excellent properties, and shows good performance in
many applications such as sensors [2], hydrogen storage [3] and batteries [4]. Different
methods have been explored to produce CNTs including arc discharge [5], laser ablation
[6] and chemical vapor deposition (CVD) [7-9] methods. Compared with other synthesis
methods, CVD is widely used due to the features of easy setup, relatively low synthesis
temperature, easy operation and large-scale yield. By using CVD method, CNTs can
grow on different substrates, such as carbon fibres [10], Si wafers [11] and stainless steel
substrates [12, 13]. Among various catalysts which enhance the growth of CNTs, Fe, Co
and Ni are the most popular catalysts used in the CVD method and the introduction of the
catalysts has been conducted by using different methods such as sputtering [14], dip
coating [15] and spin coating [16]. In the presence of the catalysts, hydrocarbon gases like
CH4, C2H2, C2H4 and C2H6 can decompose at the surface of the catalysts and provide
carbon precursors for the CNT growth.
Although CNTs have already shown excellent performance in applications, the
properties of CNTs could be tailored and improved with different methods, such as
doping elements into graphite layers [17-19]. Nitrogen is one of the most popular
elements, which is incorporated into CNTs to yield nitrogen-doped CNTs (NCNTs). With
nitrogen doping, the properties of CNTs, such as surface activity, hardness and electrical
properties, have been effectively improved [20-24]. So far, various experimental methods
have been utilized to produce NCNTs, mainly divided into three types: CVD [25], arcdischarge [26] and laser ablation [27, 28] methods. Among these methods, CVD is one of
the most facile approaches, in which different nitrogen content could be achieved in
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carbon nanotubes by using various precursors [29-31]. Melamine (C3N6H6) is one
economical source of carbon and nitrogen with low melting temperature around 360ºC
[32]. Catalytic decomposition of melamine can generate pre-existing C-N bonds, which
may promote the formation of carbon nanotubes with high nitrogen content [30, 33, 34].
In this work, our emphasis is to investigate effects of synthesis conditions on the
growth and structure of nanotubes including CNTs and NCNTs to achieve high quality
nanotubes with high purity, uniform size, desirable alignment and high nitrogen content
as well. For CNTs, the influence of temperature, flow rate of hydrocarbon gas (C2H4) and
growth time on the growth of CNTs was systematically studied by CVD method. CNTs
were produced at different temperature (700~800°C), in a big range of gas flow of C2H4
(5~100 sccm) for different growth time (15~30 min). For NCNTs, we describe the
synthesis of NCNTs with CVD method by pyrolysizing melamine as the precursor.
During the study, we found that the growth of NCNTs was strongly dependent on the
synthesis temperature. High nitrogen content within the NCNTs up to 10.4 at.% can be
obtained at a temperature of 800ºC. Morphology, structure, nitrogen content and
distribution of nitrogen in NCNTs have been analyzed. Another feature of our experiment
is the good control of the uniformity of diameter and high purity of nanotubes by
sputtering the Fe catalyst film on the substrates. A lot of tiny Fe particles with small and
uniform size formed at the elevating temperature which could lead to the uniform
distribution of the diameter of nanotubes. Compared with other methods, a very high
purity has been achieved in our results.
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3.3 Experimental
Both of CNTs and NCNTs were synthesized by CVD method in a quartz tube mounted
in a hot-wall furnace. Commercial carbon paper and Si wafer were used as the substrates
and placed at the center of the tube. The substrates were pre-treated by depositing a very
thin Fe film with 5 nm in thickness which acted as catalyst. An Ar flow (300 sccm) was
used as gas carrier and purged the tube for 15 minutes before reaction. For the synthesis
of CNTs, when the system was heated up to required temperature (700~800°C), C2H4
(5~100 sccm) was introduced into the reaction zone, and the growth of CNTs happened
on the surface of the substrates for different growth time (15 and 30 minutes). After
reaction, the system was cooled down to the room temperature. For the synthesis of
NCNTs, melamine was the only source of carbon and nitrogen precursors, and placed
near the entrance of the furnace. At the required synthesis temperature (800ºC, 900ºC and
980ºC), melamine was evaporated and transported to reaction zone to support the growth
of NCNTs on the substrate. The reaction was held for 15 minutes and terminated. Then
the system was cooled down to the room temperature.
The products growing on the substrates were characterized by field emission scanning
electron microscopy (FE-SEM, Hitachi 4800S SEM), transmission electron microscopy
(TEM, Hitachi 7000), high-resolution transmission electron microscopy (HRTEM, JEOL
2010 FEG), and X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra Al (alpha)).
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3.4 Results and Discussion
3.4.1 Synthesis and Characterization of CNTs

Figure 3-1: SEM images of CNTs synthesized at 780°C, C2H4 50 sccm for 15 minutes.

Figure 3-1 shows the SEM images of as-synthesized CNTs at optimal experimental
conditions (780°C, C2H4 50 sccm, 15 minutes). After reaction, the carbon paper was
completely covered by dense CNTs (Figure 3-1a). The CNTs have the aligned structure
standing on the substrate. From the high resolution SEM image (Figure 3-1b), it can be
seen that CNTs are very straight with smooth and clean surface which indicates the high
purity. The diameter of CNTs varies from 17 to 30 nm.
Further information of CNTs is revealed by TEM and HRTEM images shown in Figure
3-2. Figure 3-2a is the TEM image which shows that CNTs possess the hollow structure
formed by thin carbon layers around 5 nm in thickness. HRTEM image in Figure 3-2b
presents the details of the carbon layers. Fine and flat layers with the distance of 3.5 Å
between two layers were observed, which was quite closed to the layer distance of 3.4 Å
in graphite. That indicates the CNTs have the graphitic feature and are well crystalline.
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Figure 3-2: TEM and HRTEM images of CNTs synthesized at 780°C, C2H4 50 sccm for 15 minutes.
(a) TEM; (b) HRTEM.

To investigate the effect of temperature on the growth of CNTs, products were
prepared at different temperatures with fixed gas flow rates of C2H4 (50 sccm) and Ar
(300 sccm) and the reaction was kept for 15 minutes. Figure 3-3 shows SEM images of
the CNTs growing at different temperatures. At a relatively lower temperature of 700°C,
quite a small amount of CNTs were found on the surface of the carbon substrate shown in
Figure 3-3a and b. Most parts of the carbon fibre surface were exposed, which indicated
the growth of CNTs only took place in a few sites at such a low temperature. As
increasing the temperature to 750°C, the coverage of CNTs on the carbon fibres was
obviously increased (Figure 3-3c). High resolution SEM observation (Figure 3-3d) shows
that there is a mixture of CNTs and big particles in the products. The most CNTs have
straight shape and smooth surface with the average length of around 3µm. There are also
some CNTs showing spiral shape shown in Figure 3-3d.
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Figure 3-3: SEM images of CNTs synthesized at different temperatures. (a-b) 700 °C; (c-d) 750°C;
(e-f) 780°C; (g-h) 800°C.
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Keeping increasing the temperature gradually to 780°C, the enhanced growth of dense
CNTs happened on the surface of substrate. After reaction, the carbon substrate was
totally covered by dense CNTs with aligned morphology (Figure 3-3e). The average
length of CNTs is sharply increased to 18 µm. The CNTs present smooth surface with
quite a few contaminate (Figure 3-3f). As the temperature was further increased to 800°C,
the carbon fibres were still covered by aligned CNTs (Figure 3-3g). However, the density
of CNTs is decreased a little, as well as the average length down to around 6 µm (Figure
3-3h).
TEM images of CNTs synthesized at 750°C, 780°C and 800°C are shown in Figure 3-4.
All CNTs show hollow structure, smooth surface and big length, and only the diameter
varies. At 700°C, the average diameter of most CNTs is very small about 16 nm, while
there are only a few thick CNTs with diameter around 40 nm (Figure 3-4a). The average
diameters of CNTs at 780°C and 800°C are approximately 20 nm and 15 nm, respectively
(Figure 3-4b and c).
The above results reveal that the synthesis temperature plays an important role in the
growth of CNTs. The growth of CNTs is temperature-dependent. At lower temperature
(700~750°C), the growth of CNTs just starts on a few sites of the substrate. At an optimal
growth temperature (780°C), the modified temperature can activate the catalyst and
improve the decomposition of C2H4 to provide sufficient carbon precursors. Proper
growth temperature ensures the growth of high-yield CNTs with high density and
desirable alignment. If the temperature is gradually beyond the optimal temperature range,
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the growth will be inhibited (800°C). The temperature may affect the density of CNTs,
but do not have a significant influence on the structure.

Figure 3-4: TEM images of CNTs synthesized at different temperatures. (a) 750°C; (b) 780°C; (c)
800°C.

Another factor that can affect the growth of the CNTs is the concentration of
hydrocarbon gas (C2H4) flow. To investigate the effects of C2H4 flow on the growth of
CNTs, CNTs were prepared at different flow rates of C2H4 (5~100 sccm) at the fixed Ar
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flow (300 sccm) and temperature at 780°C which was the optimal temperature for the
growth. The results are shown in Figure 3-5.
Figure 3-5a and b show SEM images of CNTs synthesized at C2H4 flow rate of 5 sccm.
The as-synthesized CNTs present a wide range of diameter (38~90 nm) and length (600
nm ~over 10 µm). There are also some contaminates in terms of particles decorated at the
surface of CNTs and substrate. At the flow rate of 25 sccm, dense products with the
average length of 3 µm were found on the substrate (Figure 3-5c). Catalyst particles are
supported at the tips indicating the tip-growth process (Figure 3-5d). With the assistance
of high C2H4 flow rate of 50 sccm, the growth of CNTs was significantly enhanced. A big
amount of CNTs with aligned structure grew on the substrate (Figure 3-5e). The substrate
was completely covered by the products. CNTs are straight and quite clean at the surface,
only catalyst particles are observed at the tips (Figure 3-5f). The average length is
increased to 20 µm. Further increasing the flow rate to 100 sccm, the results were very
similar to that at 50 sccm. Dense CNTs were observed on the substrate with long length
up to 38 µm (Figure 3-5 g and h). There is almost no contaminates at the surface of CNTs.
Corresponding TEM images of CNTs at different flow rates of 25, 50 and 100 sccm are
shown in Figure 3-6. From the TEM images, it can be seen that all the CNTs have hollow
cavities and smooth and clean surface. High flow rate can enhance the growth, but the
diameter of CNTs is not affected so much. The average diameter of CNTs prepared at 25
sccm is approximately 11 nm, and is increased to 14 nm at 50 sccm, then further
increased to 16 nm at 100 sccm.
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Figure 3-5: SEM images of CNTs synthesized at different flow rates of C2H4 at 780°C for 15 minutes.
(a-b) 5 sccm; (c-d) 25 sccm; (e-f) 50 sccm; (g-h) 100 sccm.
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The results indicate that the growth of CNTs depends on the flow rate of hydrocarbon
gas. At the low flow rate (5 sccm), the growth of CNTs is inhibited, while increasing flow
rate (25 sccm) could increase the density of products and improve the morphology. The
growth of CNTs can be greatly affected by the high C2H4 flow rate (50~100 sccm) which
can enhance the density apparently.

Figure 3-6: TEM images of CNTs synthesized at different flow rates of C2H4 at 780°C for 15 minutes.
(a) 25 sccm; (b) 50 sccm; (c) 100 sccm.
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The growth time can also influence the growth of CNTs. Two samples were prepared
at the same experimental conditions (780°C, C2H4100 sccm) but for different growth time:
15 and 30 minutes. Figure 3-7a shows SEM image of CNTs with the growth time of 15
minutes. After reaction, aligned CNTs were obtained on the surface of Si wafer. The
average length of the CNTs is around 38 µm. On the other hand, as the growth time was
prolonged to 30 minutes, the average length was increased to around 72 µm (Figure 3-7b).
The results demonstrate that the length of CNTs is almost proportional to the growth time
in this investigation. However, some reference has claimed that the growth rate may
gradually decrease with longer growth time due to the deterioration of the catalyst activity
[35].

Figure 3-7: SEM images CNTs synthesized for different growth time. (a) 15 min; (b) 30min.

3.4.2 Synthesis and Characterization of NCNTs
In order to yield dense NCNTs with high quality and nitrogen content, the effects of
synthesis conditions on the growth of NCNTs were studied. Because the synthesis
temperature is the key factor which can affect the activity of catalyst and decomposition
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of carbon and nitrogen precursors, in this part, the research attention is mainly focused on
the influence of temperature on the growth and nitrogen content of NCNTs.
Figure 3-8 shows the SEM images of typical NCNTs synthesized at 800°C by
pyrolyzing melamine which provides both carbon and nitrogen precursors. After reaction,
a big amount of NCNTs were obtained on the substrate (Figure 3-8a). The dense NCNTs
have small average diameter around 40 nm and very clean surface. However, the
morphology of the CNTs has been changed by nitrogen doping. In Figure 3-8b, it can be
seen that the surface of NCNTs is not flat as regular CNTs, but becomes corrugated and
presents a bamboo-like structure consisting of knots appearing along the tube periodically.

Figure 3-8: SEM images of NCNTs synthesized at 800°C.

TEM and HRTEM images in Figure 3-9 reveal more information about the structure.
The NCNTs have the hollow structure and very thin thickness of about 5 nm (Figure 39a). By nitrogen doping, disordered layers formed in the nanotubes and made the surface
corrugated (Figure 3-9b). Thin interlinks were also introduced inside the nanotubes and
divided the hollow cave into many small compartments. This bamboo-like structure
makes NCNTs quite different from undoped CNTs.
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5 nm

Figure 3-9: TEM and HRTEM images of NCNTs synthesized at 800°C.

According to the mapping results, the distribution of carbon atoms along the axis of the
nanotube is quite uniform (Figure 3-10b), while nitrogen atoms usually concentrate at the
interlinks resulting from the incorporation of nitrogen during the growth process (Figure
3-10c).

b

a

c

Figure 3-10: Mapping images of NCNTs synthesized at 800 ºC. (a) TEM image of NCNT; (b) map of
carbon; (c) map of nitrogen.
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To investigate the temperature effect, products were produced at different temperatures:
800ºC, 900ºC and 980ºC. Figure 3-11 shows SEM and TEM images of NCNTs growing
at the temperature ranging from 800ºC to 980ºC. SEM images (Figure 3-11a, c and e)

a

b

10 µm

c

40 nm

d

10 µm

e

40 nm

f

2 µm

40 nm

Figure 3-11: SEM and TEM images NCNTs synthesized at different temperatures. (a) and (b) 980°C;
(c) and (d) 900°C; (e) and (f) 800°C.
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illustrate the general morphology of aligned NCNTs growing on the Si wafers at 980ºC,
900ºC and 800ºC. It clearly shows that all the NCNTs synthesized at different
temperatures have curly entangled morpholody. At a high temperature of 980°C, the
average length of NCNTs is 18 µm (Figure 3-11a). When the temperature went down to a
lower temperature of 900ºC, the average length decreased to about 15 µm (Figure 3-11c).
As further decreasing the temperature down to 800°C, very short NCNTs were obtained
with average length of 6 µm (Figure 3-11e). All the above results indicate the growth of
NCNTs is temperature-dependent. The dependence of the growth rate on temperature can
be related to several factors such as concentration, diffusion rate of the involved atoms
and the growth rate at the interface between the catalyst and the formed nanotube. It is
generally agreed that the diffusion of carbon is the key step determining the growth of
carbon nanostructures [36]. With increasing temperature, diffusion rate of carbon and
nitrogen atoms increases significantly, and the growth rate of the NCNTs is greatly
promoted.
TEM images show the further information of the structure of NCNTs (Figure 3-11b,
d and f). All the NCNTs exhibit bamboo-like structure. The distribution of compartments
is periodical along the axis of the nanotubes. The diameter of NCNTs varies with the
temperature. At 980°C, general observation indicates that the diameter of NCNTs is
between 40 and 85 nm. Figure 3-11b shows a typical single NCNT with a diameter of 75
nm. As the temperature went down, the diameter also decreased. At 900°C, the diameter
is in a narrow range from 40 to 60 nm. Fig 3-11 d shows a TEM image of single NCNT
with the diameter of 60 nm. At 800°C, the average diameter of NCNTs is approximately
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40 nm (Figure 3-11f). As the growth temperature decreases, less agglomeration of the
catalyst occurs, resulting in smaller sized catalysts and thinner NCNTs. The synthesis
temperature can also affect the morphology of the compartment layers. At the high
temperature (980°C), the graphitic layers are flat, while at the low temperature (800°C),
the layers become corrugated. The results demonstrate that the lower synthesis

(a)

temperature usually results in the curly and disordered graphitic layers, while the higher
temperature favors the formation of a fine graphitic structure [37].
It should be noted that the investigation on C-N bonding is an essential issue to explore
the NCNTs as a building block for potentials applications. It has been reported that
nitrogen doping in carbon nanotubes can create well localized and highly chemically

(c)

(d)

active sites on the carbon surface [38]. To measure the nitrogen content and study the
temperature effect on C-N bonding in the nanotubes, XPS study was carried out after the
synthesis. Figure 3-12a shows a survey scan spectrum of the NCNTs prepared at 800°C.
The peaks of C 1s, N 1s and O 1s are labeled at 285, 401 and 531 eV, respectively. The
oxygen signal might originate from oxygen functional groups and/or the residual air in
the nanotubes.
(e)

(f)

Two samples synthesized at 980°C and 800°C were characterized by XPS, with the
nitrogen contents of 1.7 at.% and 10.4 at.%, respectively. The result indicates the lower
synthesis temperature leads to the higher nitrogen content within the nanotubes. At lower
temperatures, the decomposition of melamine is mainly composed of the pyrolysis
radicals containing a C–N bond, which is a key factor to obtain high nitrogen content in
NCNTs. Therefore, lower temperature favors the growth of NCNTs with higher nitrogen
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contents, which is similar to the previous report using dimethylformamide as the
pyrolysis precursor [39]. Figure 3-12b and c show the high-resolution N 1s XPS spectra
of NCNTs synthesized at 980°C and 800°C, respectively. The N 1s peak can be
deconvoluted into five main component peaks, representing pyridinic nitrogen (NP at 398
eV), pyrrolic nitrogen (NPYR at 399 eV), quaternary nitrogen (NQ at 401 eV) and nitrogen
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Figure 3-12: XPS spectra of the NCNTs. (a) A survey scan of the NCNTs synthesized at 800 ºC, (b)
and (c) N1s XPS spectra of CNTs synthesized at 980 ºC and 800 ºC, respectively.
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oxides (NOX1 at 404 eV and NOX2 at 406 eV) [40-42]. In pyridinic nitrogen structure, the
nitrogen atom is sp2 hybridized bonding with two carbon atoms, while in the quaternary
nitrogen structure, a carbon atom is substituted by a nitrogen atom in the graphitic sheet
[40]. The pyrrolic nitrogen is sp3 hybridized in a five-member ring [43].
The synthesis temperature can affect the type of nitrogen configuration in the graphitic
layers. For the NCNTs synthesized at 980°C, the area of the composition of NP, NPYR, NQ,
NOX1 and NOX2 in the spectrum is 19.2%, 7.6%, 60.7%, 8.2% and 4.3%, respectively. The
relative intensity of NP/NQ is 0.32, indicating that the nitrogen atoms incorporated into the
CNTs are mainly in the form of quaternary nitrogen. When the temperature went down to
800°C, the feature of XPS spectrum was similar to that of NCNTs synthesized at 980°C,
except the obvious percentage change in the area composition of NP and NQ. The area
composition of NP, NPYR, NQ, NOX1 and NOX2 is 54.6%, 3.1%, 30.2%, 7.2% and 4.9%,
respectively. As the temperature decreased, the percentage of NQ in total amount of
nitrogen decreased, in contrast, the percentage of NP became much greater. The relative
intensity of NP/ NQ increased to 1.81. The change in the relative intensity indicates that
the atomic ratio of pyridinic nitrogen in total nitrogen atoms increased as the temperature
decreased. Compared with quaternary nitrogen, pyridinic nitrogen has a lower thermal
stability [44]. That is, the higher synthesis temperature would favor the formation of
quaternary nitrogen in the graphitic layers, while the lower synthesis temperature may
lead to the more incorporation of nitrogen in term of pyridinic nitrogen.
In addition, combining the XPS analysis and the TEM images, it is obvious that the
increase in pyridinic nitrogen at lower temperature results in the defects in the graphite
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layers [45], such as disorder interlinks clearly shown in HRTEM images (Figure 3-9b).
The TEM images shown in Figure 3-11 also present the tendency of changing in the
diameters, i.e. thinner nanotubes are more readily obtained at lower temperature.
Compared with quaternary nitrogen, pyridinic nitrogen is more favorable in as-grown
NCNTs with small diameter [45]. Then based on the TEM analysis, the percentage of
pyridinic nitrogen is considered to increase in the total amount of nitrogen in the
nanotubes with small diameter, which consists with XPS results.

3.5 Conclusions
CNTs were prepared by CVD method at different experimental conditions. The effects
of synthesis temperature, flow rate of hydrocarbon gas and growth time were investigated.
The growth of CNTs is temperature-dependent. The optimal temperature can enhance the
growth and improve the morphology of CNTs. The hydrocarbon gas flow may also affect
the growth of CNTs. Low flow rate can only trigger the growth of CNTs on a few sites of
the substrate, while high flow rate may favor high degree coverage of the CNTs across
the whole substrate. Growth time also contributes to the growth of CNTs, and longer
growth time can increase the length of CNTs.
NCNTs with high nitrogen content (up to 10.4 at.%) have been obtained by pyrolyzing
melamine. Synthesis temperature ranges from 800°C to 980°C. The growth of NCNTs is
also temperature-dependent. The diameter and length decreased as the temperature went
down, while more defects were introduced in terms of disorder graphitic layers and
interlinks inside the nanotubes. Due to the incorporation of nitrogen into CNTs, bamboolike structure was induced, and nitrogen atoms mainly concentrate at the inner interlinks.
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The XPS analysis demonstrates that the lower synthesis temperature leads to the higher
nitrogen content, especially much higher content of pyridinic nitrogen component, in
NCNTs.
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Chapter 4 Synthesis and Characterization of SnO2
Nanowires: Effects of Substrate and Temperature *
4.1 Abstract
SnO2 nanowires were produced via chemical vapor deposition (CVD) method on
various substrates such as carbon paper, stainless steel and Cu. Pure Sn powder was used
as the starting material. A thin Au film (5 nm) acting as catalyst was deposited on the
surface of the substrates before synthesis. The growth of nanowires happened in a very
narrow range of the synthesis temperature around 785ºC under Ar atmosphere (400 sccm).
Morphology, composition and structure of the products were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The growth of SnO2 nanowires
on different substrates was analyzed. After synthesis, carbon paper was completely
covered by dense SnO2 nanowires while stainless steel and Cu were partially covered by
dense SnO2 nanowires.

4.2 Introduction
As a wide-band gap (Eg=3.6 eV, at 300K) semiconducting material, SnO2 has been
extensively investigated due to their wide applications in producing gas sensors [1-3],
catalyst supports [4], field emitters [5], transistors [6] and transparent electrodes [7].
Because of their distinct physical and chemical properties compared to their bulk
counterparts, one-dimensional SnO2 nanowires with a high surface-to-volume ratio and
*

This chapter has been submitted to General Motors Company for publishing permission.
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unique structure, are considered as promising materials in manufacturing nanodevices and
attract intensive research interest. SnO2 nanowires have been prepared in various methods,
including chemical vapour deposition (CVD) [8-26], heat treatment [27-29],
hydrothermal [30], laser [31] and template [32-34] methods. Meanwhile, different
precursors have been chosen to yield dense products: Sn, SnO and SnO2. Sn powder is
commonly used as the starting material due to the low melting point (231°C) [8-13]. SnO
(melting point: 1080°C) is another choice acting as an assistant Sn source during the
synthesis [14-20]. Despite its high melting point (1630°C), SnO2 usually mixed with
graphite is also used to supply Sn precursors to the growth of SnO2 nanowires [21-26]. In
terms of different application and synthesis methods, SnO2 nanowires have been prepared
on various supports. Yang et al. produced SnO2 wires on a Si substrate [12]; Chen et al.
approached piled SnO2 nanowires on alumina collectors [17]; Ma et al. carried out the
synthesis of SnO2 nanowires on a LaAlO3 substrate [35]. Aiming at meeting the
developing requirements of devices, dense SnO2 nanowires acting as building blocks with
high quality should be explored on various potential substrates.
In this work, we present the synthesis of dense SnO2 nanowires in CVD process on
various substrates: carbon paper, stainless steel and Cu. A systematical investigation of
the temperature effect on the growth of SnO2 nanowires on various substrates was carried
out. After reaction, dense products were obtained on these substrates and characterized to
reveal the details of the nanomaterials.
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4.3 Experimental
SnO2 nanowires were synthesized by CVD method in a quartz tube mounted in a tube
furnace as shown Figure 4-1. Pure Sn powder was used as the starting material. Carbon
paper, stainless steel and Cu were chosen as the substrates for the growth of SnO2
nanowires. The metallic substrates were pre-treated by polishing with sand paper firstly,
and then etched by HCl (1 mol/l) for 30 min. Finally, the substrates were washed with
distilled water and dried. After the pre-treatment, a thin Au layer with 5 nm in thickness
was deposited on the surface of the metal substrates by sputtering. Au film was directly
deposited on carbon paper without any pre-treatment. The Sn powder was loaded in a
ceramic boat and put in the center of the quartz tube. The substrates were placed near Sn
powder at the down stream of an Ar flow (400 sccm) which was used as gas carrier.
Before the reaction, the tube was purged by the Ar flow for 15 min. Then the furnace was
heated up to the required temperatures (775~790ºC), and held for 2 hours. Finally, the
furnace was turned off and cooled down to the room temperature.

Figure 4-1: Schematic diagram of the equipment setup of CVD process.
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The products were characterized by using field emission scanning electron microscopy
(FE-SEM, Hitachi 4800S SEM), transmission electron microscopy (TEM, Hitachi 7000),
energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD, Rigaku Co K
radiation).

4.4 Results and Discussion
4.4.1 Carbon Paper Substrate

Figure 4-2: SEM images of the results on carbon paper. (a) and (b) at 775°C; (c) and (d) at 780°C.

Figure 4-2 shows the results from the carbon paper substrate at 775ºC and 780ºC,
respectively. At 775ºC, a big amount of particles with average diameter around 50 nm
were decorated on the surface of carbon fibres (Figure 4-2a and b). As the temperature
was increased to 780ºC, the surface of carbon fibres was still covered by particles with
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the similar size of that was observed at 775ºC (Figure 4-2c and d). The results indicate the
optimal growth temperature was not approached.
When the temperature increased to 785ºC, a big amount of nanowires were observed
on the surface of carbon fibres. Figure 4-3 shows the XRD patterns of the nanowires. In
Figure 4-3, peaks appear at 31.0, 39.5, 44.3 and 64.5° are perfectly matched with that of a
tetragonal rutile SnO2 structure (JCPDS card No. 41-1445). The sharp and strong peaks
reveal the SnO2 nanowires are well crystalline. The peak at 30.7° is indexed to graphite
(JCPDS card No. 41-1487) that is attributed to the carbon substrate.

Figure 4- 3: XRD patterns of SnO2 nanowires growing on carbon paper at 785 ºC.

After reaction, all the carbon fibres were completely covered by dense nanowires
(Figure 4-4a and b). The nanowires are very dense and have very long length. Seen from
the high magnification SEM image (Figure 4-4c), SnO2 nanowires are quite thin with the
diameter ranging from 40 to 80 nm. The surface of the nanowires is smooth and clean
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without any impurities. Particles are found at the tips of the nanowires, which indicates
the growth of nanowires follows a vapor-liquid-solid (VLS) process (Figure 4-4d). More
details of the nanowires are shown in the TEM image (Figure 4-4e). It can be seen that
the nanowires are very straight and possess a smooth surface. The nanowires are also
entangled with each other.

Figure 4-4: SEM and TEM images of SnO2 nanowires growing on carbon paper at 785 ºC.
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In the VLS process, Au particles firstly formed on the surface of the substrate acting as
catalyst for the growth of nanowires [8, 10, 23]. Sn was vaporized from the starting
material and transported by the gas carrier to the reaction zone. Sn precursors deposited at
the surface of Au particles. Sn could be absorbed and diffuse along the surface of Au
particles to form Sn-Au alloy. Although the quartz tube was purged for 15 min before the
reaction in our experiment, there was still some residual air in the system, and the
remained air could act as oxygen source. The oxygen reacted with the Sn-Au alloy to
form SnO2 and precipitated from the alloy particles [10]. After the nucleation and growth
of SnO2 directed by the Sn-Au alloy, SnO2 nanowires were obtained.
As the temperature was further increased to 790ºC (Figure 4-5), nanowires disappeared,
and only particles were observed on the surface of carbon fibres. The results indicate that
the temperature was beyond the growth range and the growth of nanowires was
terminated.

Figure 4-5: SEM images of the results on carbon paper at 790 ºC.

Above results indicate that the growth of SnO2 is quite sensitive to the synthesis
temperature. The range of the growth temperature is quite narrow, only around 785ºC,
which favors the growth of dense products. In this narrow temperature range, uniform

88

89
SnO2 nanowires with high density and quality are easily obtained on the carbon substrate.
However, if temperature is out of this optimal range, the growth of nanowires will be
apparently inhibited, only particles observed on the surface of substrate.

4.4.2 Stainless steel substrate
To apply SnO2 nanowires as the building blocks in electronic devices such as anode
materials of Li-ion batteries, it is essential to provide a superior contact between the
nanowires and current collectors.

Directed by this motivation, the growth of SnO2

nanowires on metallic substrates like stainless steel and Cu has been investigated.
The synthesis of SnO2 nanowires on these metallic substrates follows the similar
procedures to that used for producing SnO2 nanowires on carbon paper. According to the
above results and references, it is known that the growth of SnO2 nanowires is quite
sensitive to the experimental conditions, especially the growth temperature. Then the
synthesis of SnO2 nanowires on stainless steel and Cu substrates was carried out in a
narrow temperature range from 775ºC to 790ºC.
Figure 4-6 shows the SEM analysis of the synthesis at 775ºC and 780ºC on stainless
steel. At 775ºC, a lot of big particles were decorated on the surface of stainless steel
(Figure 4-6a). The average diameter of the particles is very big around 500 nm (Figure 46b). At the temperature of 780ºC, the surface of the substrate was still covered by a big
amount of particles (Figure 4-6c). Among the particles, some tiny nanoflakes with vary
thin thickness about 10 nm were observed in Figure 4-6d. Although the amount of
nanoflakes is quite small, the results indicate that the condition may almost reach the
synthesis temperature to initiate the growth of nanostructures.
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Figure 4-6: SEM images of the results on stainless steel. (a) and (b) at 775ºC; (c) and (d) at 780ºC.

To trigger the growth of nanowires, the temperature was further increased to 785ºC. At
785ºC, dense products with nanowire-like morphology were obtained at the edge of the
stainless steel substrate (Figure 4-7a). In the medium magnification image (Figure 4-7b),
it can be seen that the nanowires present bundle-like structure. Each bundle contains
several individual nanowires. These nanowires possess big length and are entangled with
each other. The high magnification image shows that the surface of the nanowires is vary
smooth and clean (Figure 4-7c). The diameter of the individual nanowire is from 80 to
200 nm. Some particles are found at the tips of nanowires, which indicate the VLS
growth process of the nanowires directed by catalyst (Figure 4-7d).
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Spectrum 2
Spectrum 1

Figure 4-7: SEM and EDS resutls of SnO2 nanowires growing on stainless steel at 785ºC. (a)-(d) for
SEM images; (e) EDS spectrum 1 of the particle on the tip; (f) EDS spectrum 2 of body of nanowires.
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EDS was carried out to analyze the composition of nanostructures. Spectrum 1 (Figure
4-7e) exhibits the signals of the particle supported at the tip of the individual nanowire.
Peaks of Sn, O, Au, Fe and Cr are shown in spectrum 1. Au signal is quite strong which
demonstrates the particle is Au-rich. Fe and Cr are mainly from the stainless steel
substrate. Detection of Fe and Cr signals also indicates that these elements may be doped
into the particle. The EDS results reveal that the particles at the tip of nanowires are Aurich acting as catalysts during the reaction, and the growth mechanism of the assynthesized nanowires should follow the VLS process. Spectrum 2 (Figure 4-7f) shows
the information of the main body of the individual nanowire. In spectrum 2, Sn and O
peaks are observed, indicating the products are tin oxide. Fe and Cr signals are captured,
which means the nanowires may also contain these doped elements.

Figure 4-8: XRD diffraction patterns of SnO2 nanowires on stainless steel at 785 ºC.
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Figure 4-8 shows the XRD patterns of the nanowires growing on stainless steel
substrate at 785ºC. The peaks are well indexed to SnO2 at 31.0, 39.5 and 60.9° (JCPDS
card No. 41-1445), which confirms the phase structure of the as-synthesized nanowires is
SnO2. There are also some signals of FeNi3 (JCPDS card No. 38-0419) and Co (JCPDS
card No. 05-0727) that arise from the substrate.
Figure 4-9 is the TEM image of the SnO2 nanowires growing on stainless steel. The
SnO2 nanowires present the straight shape and very clean surface. The tiny Au particles
are clearly observed at the tips of nanowires and provide the strong evidence of the VLS
growth mechanism.

Figure 4-9: TEM image of SnO2 nanowires growing on stainless steel at 785 ºC.

In order to determine the range of growth temperature of SnO2 nanowires on stainless
steel, the reaction temperature was further varied. The SEM images of the results
obtained at 790ºC are shown in Figure 4-10. After reaction at 790ºC, the substrate was
covered by a big amount of particles again (Figure 4-10a and b). However, there are still
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some new and interesting results that some very thin nanowalls were found among the big
particles (Figure 4-10c). From high magnification SEM image (Figure 4-10d), it can be
seen that the nanowalls are quite thin with 30 nm in thickness. There is no catalyst
observed at the edge of these nanowalls, which indicates that the growth mechanism of
these nanowalls is supposed to follow a self-catalytic vapour-solid (VS) process.

Figure 4-10: SEM images of results on stainless steel at 790 ºC.

The results from different reaction temperatures reveal that the growth of SnO2 on
stainless steel substrate is also temperature-dependent. The growth temperature range of
SnO2 nanowires on stainless steel is quite narrow. Dense nanowires can only be obtained
around at 785ºC. Beyond this optimal temperature, the stainless steel is mainly decorated
by a big amount of particles on the surface. The stainless steel substrate also affects the
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growth of SnO2 nanowires. It is easy to approach to high yield of nanowires on carbon
substrate in the optimal temperature range. However, the dense nanowires only partially
cover the stainless steel substrate at the same optimal conditions and tiny nanoflakes and
nanowalls are observed beyond the optimal temperature range. The trace of Fe and Cr are
found in the Au catalyst particles, which may reduce the catalytic performance of Au.
These results illustrate that the stainless steel is different from carbon substrate with the
inert surface. The surface conditions of stainless steel may influence the growth and
morphology of nanostructures.

4.4.3 Cu substrate
The synthesis procedures of SnO2 nanowires on copper substrate were the same with
that for stainless steel. Because of the sensitivity of the growth, the reaction temperature
range was also conducted from 775ºC to 790ºC.
Figure 4-11 shows the results on the Cu substrates after reaction at 775ºC and 780ºC,
respectively. After reaction, the results were characterized by SEM. In the case of 775ºC,
Figure 4-11a shows that the Cu substrate was covered by a large amount of particles. The
particles distribute through the whole substrate. It can be seen that the particles have
irregular shape, and the average diameter is around 800 nm (Figure 4-11b). When the
temperature was increased to 780ºC, SEM images (Figure 4-11c and d) show that the
substrate was still covered by particles with irregular shape and bigger diameter. The
appearance of nanowires was not observed.
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Figure 4-11: SEM images of the results on Cu. (a) and (b) at 775 ºC; (c) and (d) at 780ºC.

Due to the temperature sensitivity of the growth of SnO2 nanowires, temperature was
increased by 5ºC to 785ºC which was used as the optimal temperature for the growth of
SnO2 nanowires on carbon paper and stainless steel. After reaction, a big yield of SnO2
nanowires was achieved at the edge of the substrate (Figure 4-12a). Quite similar to the
nanowires growing on stainless steel, the products on Cu have the bundle-like structure.
Each bundle consists of several individual nanowires (Figure 4-12b). The nanowires are
straight and thin, with diameter ranging from 40 to 200 nm (Figure 4-12c). Particles are
also found at the tips of nanowires, which indicate the VLS growth mechanism of the
nanoswires (Figure 4-12d). EDS spectra are presented to provide the information of
particles supported at the tip and main body of individual nanowire. Spectrum 1 shows
the composition information of the particle at the tip (Figure 4-12e). In spectrum 1, Sn, O,
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Spectrum 1

Spectrum 2

Figure 4-12: SEM and EDS resutls of SnO2 nanowires growing on Cu at 785 ºC. (a)-(d) for SEM
images; (e) EDS spectrum 1 of the particle on the tip. (f) EDS spectrum 2 of body of nanowires.
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Au and Cu peaks are observed. Au signals deriving from the particle, reveal that the
growth mechanism should follow the VLS process. Cu signals should mainly arise from
the substrate, but also indicates the Cu is partially doped into the particle. In spectrum 2
(Figure 4-12f), the strong peaks of Sn and O indicate that the nanowires are tin oxide.
XRD patterns of the nanowires growing on Cu substrate are shown in Figure 4-13.
Main signals come from the nanowires and Cu substrate. XRD patterns clearly show that
the signals originated from SnO2 nanowires at 31.0, 39.5, 44.3, 60.9, 64.5, 68.3, 74.1,
76.8 and 78.4° (JCPDS card No. 41-1445). The Cu substrate was not completely covered
by the products. Therefore, Cu peaks from the substrate at 50.7 and 59.3° (JCPDS card
No. 04-0836) are also detected.

Figure 4-13: XRD patterns of SnO2 nanowires on Cu at 785 ºC.
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TEM image in Figure 4-14 also shows the structure information of the SnO2 nanowires.
The diameter of nanowires varies in a wide range. These nanowires possess a straight
shape and the surface is quite smooth and clean. The results are consistent with SEM
analysis above.

Figure 4-14: TEM image of SnO2 nanowires growing on Cu at 785 ºC.

When the reaction temperature was increased to 790ºC, a lot of particles were
deposited on the substrate surface with irregular shape (Figure 4-15a and b). The results
are quite similar to that obtained at 775ºC and 780ºC, and indicate the temperature has
moved out the optimal temperature range of the growth of SnO2 nanowires.
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Figure 4-15: SEM images of the results on Cu at 790 ºC.

Based on the results from Cu substrate at different reaction temperatures, the growth of
SnO2 nanowires on Cu substrate is also quite sensitive to the temperature. Only in a very
narrow temperature range (around 785ºC), a large amount of nanowires are obtained.
Once out of the optimal temperature range, nanowires are replaced by particles with
irregular shape decorated through the substrate. The Cu can alloy with Au catalyst and
then may reduce the catalytic effect on the growth of nanowires.

4.5 Conclusions
SnO2 nanowires have been obtained on various substrates (carbon paper, stainless steel
and Cu). To obtain SnO2 nanowires, different reaction temperatures were conducted from
775ºC to 790ºC. The results indicate that the growth of SnO2 nanowires is quite
temperature-dependent.
For carbon paper substrate, the growth of SnO2 nanowires only occured in a narrow
temperature range. At the optimal temperature of 785ºC, dense nanowires were obtained.
The nanowires are long and thin with very clean and smooth surface. The growth of
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nanowires followed a VLS process. While at relatively lower temperature (775~780ºC)
and higher temperature (790ºC), only particles were found on the surface of the substrate.
For the stainless steel substrate, dense products were obtained only when the
temperature was around 785ºC. The growth areas are near the edge of the substrate. If the
growth temperature was fixed at 775ºC and 780ºC beyond the optimal temperature range,
only a lot of particles with irregular shape were observed on the surface of the substrate.
At 790ºC, a mixture of particles and nanowalls were found on the surface. The thickness
of nanowalls is quite small around 30 nm.
For the Cu substrate, the results are very similar to that of stainless steel. The growth of
SnO2 nanowires is also sensitive to temperature. When the reaction temperature was
around 785ºC, dense SnO2 nanowires with smooth and clean surface were found at the
edge of Cu substrate. Once out of the optimal temperature range, only particles were
decorated at the substrate surface.
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Chapter 5 Mo-doped SnO2 Nanowires: Synthesis,
Structure Characterization and Corrosion Resistance
Behavior *
5.1 Abstract
Mo-doped SnO2 nanowires were synthesized by a catalytic chemical vapor deposition
(CVD) method. Sn and MoO3 powders were used as the starting materials to provide Sn
and Mo precursors. By increasing the weight ratio of MoO3/Sn (from 1:10 to 2:1) in the
starting materials, the Mo doping level was enhanced. The Mo/Sn ratio in dense doped
nanowires can reach 0.381. The nanowires were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD). It indicated that Mo-doping could
significantly improve the corrosion resistance of the SnO2 nanowires. The doped
nanowires were very stable after being tested in H2SO4 (0.1mol/l) solution at 50°C for 10
days, and still remained the fine structure even after tested in H2SO4 (0.5 mol/l) solution
at 80°C for another 10 days.

5.2 Introduction
In the last decade, nanomaterials have attracted intensive research interests due to their
unique structure and distinct properties compared with their bulk counterparts [1-9]. As a
n-type semiconductor with a wide-band gap (Eg=3.6 eV, at 300K) [10], SnO2
nanomaterials have received steadily increasing attention due to their wide applications in
*
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producing gas sensors [11-14], solar cells [15], transistors [16] and capacitors [17]. To
tailor physicochemical properties of SnO2, doping SnO2 by foreign elements has been an
alternative and popular method. Some research work in terms of doped SnO2 has been
reported recently. Sb-doped SnO2 shows a high electrical conductivity [18]; Co-doped
SnO2 presents good magnetic property at room temperature [19]; Ni-doped SnO2 gas
sensor has a very good sensitivity to alcohols [20].
More recently, Mo-doped SnO2 has also attracted a lot of research attention [21-23].
Martos et al. [21] yield enhanced capacity retention by using Mo-doped SnO2 as electrode
materials in Li-ion battery; Ivanovskaya et al. [23] increased the response of SnO2 sensor
to alcohols and lowered the operating temperature by Mo doping. Though the Mo-doped
SnO2 materials prepared in the shape of powder or thin film have been intensively studied,
the study on one-dimensional Mo-doped SnO2 nanostructures still remains rare.
In chapter 4, we have reported the growth of pristine SnO2 nanowires. Based on the
work of Chapter 4, in this chapter, we report the synthesis of Mo-doped SnO2 nanowires
using CVD method at a relatively low temperature. The doping level was tailored by
designing the weight ratio of MoO3/Sn in the starting materials. Chemical stability of the
Mo-doped SnO2 nanowires was investigated, which may provide some useful information
in making use of the nanowires for practical applications, such as electrodes in fuel cells
and lithium-ion batteries.

5.3 Experimental
Mo-doped SnO2 nanowires were synthesized by CVD method. Sn and MoO3 powders
were chosen as the starting materials and mixed completely with different weight ratios of
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MoO3 to Sn (1:10, 1:2, 1:1 and 2:1). The mixture was loaded in a ceramic boat which was
placed in the center of a quartz tube. Commercial carbon paper was used as the substrate
for the growth of the nanostructures. The substrate was pre-treated by depositing a thin
Au film acting as catalyst with 5 nm in thickness. The carbon paper was put closed to the
powders at the down stream of an Ar flow (400 sccm) which was used as carrier gas.
Before the reaction, the tube was purged by Ar flow for 15 min. Then the system was
heated to the required temperature (780ºC) at which the growth of nanostructrues would
happen, and kept for 2 hours. After reaction, the furnace was turned off and cooled down
to the room temperature.
The products were deposited on the surface of substrate and were characterized by field
emission scanning electron microscopy (FE-SEM, Hitachi 4800S), transmission electron
microscopy (TEM, Hitachi 7000), energy dispersive X-ray spectroscopy (EDS) and X-ray
diffraction (XRD, Rigaku Co K radiation).

5.4 Results and Discussion
Figure 5-1 shows the XRD patterns of all the products at different MoO3/Sn ratios in
the starting materials. The mainly peaks appear in Figure 5-1 are well matched with that
of a tetragonal rutile SnO2 structure at 31.0, 39.5, 44.3, 60.9, 64.5, 73.3, 76.8 and 78.3°
(JCPDS card No. 41-1445). The signal at 30.7° is indexed to graphite arising from carbon
substrate (JCPDS card No. 41-1487). All the products possess the SnO2 phase and no
trace of Mo is captured at low MoO3/Sn weight ratios. Until the MoO3/Sn ratio is
increased to 1:1, MoO2 is detected at 42.9, 43.2, 43.7 and 63.1° (JCPDS card No. 32-0671)
as impurity. As the MoO3/Sn ratio is further increased to 2:1, a broadened pattern is
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observed between 40 and 80°, which indicates the lower crystalline phase appearing in
the products resulting from Mo doping. Based on the XRD patterns, the Mo doping does
not apparently affect the growth of the SnO2 crystal. However, the various Mo doping
levels make a significant influence on the morphology and growth of the nanostructures.

Figure 5-1: XRD patterns of all the samples at different MoO3/Sn ratio. (a) pure SnO2, (b) MoO3/Sn
=1:10, (c) MoO3/Sn =1:2, (d) MoO3/Sn =1:1, (e) MoO3/Sn =2:1.

The influence of Mo doping on the growth and morphology was investigated by SEM
and TEM techniques, and the doping level of Mo was characterized by EDS.
Figure 5-2 shows SEM images of pure SnO2 nanowires. After reaction, dense and long
products covered the carbon substrate. The nanowires have the clean and smooth surface
with the average diameter of around 40 nm.
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Figure 5-2: SEM images of pure SnO2 nanowires.

Figure 5-3: SEM and EDS results of products at MoO3/Sn = 1:10. (a) and (b) SEM images; (C) EDS
spectrum.

Figure 5-3a and b show the SEM images of products by adding MoO3 powders in the
starting materials with a small ratio (MoO3/Sn = 1:10 by weight). After adding MoO3
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powder, the growth of nanowires did not show any change. Dense products with big
length and smooth surface completely cover the carbon paper (Figure 5-3a). The diameter
ranges from 30 to 45 nm. Weak signals of Mo have been detected by EDS shown in
Figure 5-3c. EDS spectrum indicates that quite a little amount of Mo is incorporated into
the products with Mo/Sn atomic ratio of 0.005.

Figure 5-4: SEM and EDS results of products at MoO3/Sn = 1:2. (a) and (b) SEM images; (C) EDS
spectrum.

When the ratio of MoO3/Sn was increased to 1:2 in the starting materials, the effects of
Mo doping on the morphology of the nanostructure began to appear shown in Figure 5-4.
As increasing the Mo precursor concentration, the nanowires are much shorter in length
and become very straight. The diameter of the products gets thicker ranging from 45 to 77
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nm. The Mo/Sn ratio analyzed by EDS spectrum is increased up to 0.126, which reveals
that more Mo precursors have been doped into the nanowires.
The morphology of the nanowires is further affected by increasing MoO3/Sn ratio to
1:1. The products are dense and completely cover the substrate (Figure 5-5a). The
nanowires become much shorter, while the diameter is much bigger varying from 60 to
93 nm (Figure 5-5b). The signal of Mo peaks is stronger in the EDS spectrum, which
means the Mo doping is enhanced by increasing the amount of Mo precursor
concentration in the starting materials (Figure 5-5c). The atomic ratio of Mo/Sn in the
doped SnO2 nanowires reaches 0.381.

Figure 5-5: SEM and EDS results of products at MoO3/Sn = 1:1. (a) and (b) SEM images; (C) EDS
spectrum.

111

112

Figure 5-6: SEM and EDS results of products at MoO3/Sn = 2:1. (a) and (b) SEM images; (C) EDS
spectrum.

Although increasing the amount of MoO3 in the starting materials can enhance the Mo
doping, the continuous increasing in Mo precursor concentration may inhibit the growth
of the nanowires. At the higher MoO3/Sn ratio of 2:1, only a few nanowires were
observed on the carbon paper (Figure 5-6a). A lot of particles were deposited at the
surface of the substrate (Figure 5-6b). The diameter of nanowires varies in a narrow range
from 60 to 80 nm. Although the growth of nanowires is inhibited, the Mo peaks are much
stronger in the EDS spectrum (Figure 5-6c). The ratio of Mo/Sn even reaches the highest
value of 1.322. However, the nanowires are quite few and a lot of unreacting Mo- and Snrich particles with amorphous phase form on the substrate. Then besides the Mo that has
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been already doped into the nanowires, the exposed particles which are Mo-rich may be
another source of Mo signals and make a contribution to the EDS intensity.
The corrosion resistance of the pristine SnO2 and Mo-doped SnO2 nanowires was
tested and the results were shown in Figure 5-7. The test was carried out by immerging
the nanowires into a solution of H2SO4 (0.1 mol/l) at 50°C for 10 days. Figure 5-7a is the
TEM image of the pristine SnO2 nanowire which had a very smooth surface. After the test,
it was found that the SnO2 nanowires had been corroded. The surface of nanowires was
etched by acid solution and became very rough (Figure 5-7b). On the other hand, Modoped SnO2 nanowires were also tested. The Mo-doped SnO2 nanowires (MoO3/Sn=1:1
in the starting material) had a smooth and clean surface before test shown in Figure 5-7c.
Firstly, the nanowires were also put into the H2SO4 (0.1 mol/l) solution at 50ºC for 10
days. After that, some of the nanowires were picked out and characterized by TEM
technique. The TEM image (Figure 5-7d) shows that the nanowires still presented a very
smooth surface and maintained the nanowire morphology. Then further investigation was
carried out on the rest Mo-doped SnO2 nanowires which had already tested in the first
step. The rest nanowires were tested in the H2SO4 (0.5 mol/l) solution at 80°C for another
10 days. Even after the further test, there was no change at the surface of the nanowires.
The nanowires still had a smooth surface shown in Figure 5-7e. The results indicate that
the Mo doping can significantly improve the corrosion resistance of SnO2 nanowires and
make the doped nanowires very stable in the corrosive environment.
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Figure 5-7: TEM images of products before and after corrosion test. a) pure SnO2 nanowires before
test; b) SnO2 nanowires after test in H2SO4 (0.1 mol/l) at 50°C for 10 days; c) Mo-doped SnO2
nanowires (Mo3:Sn =1:1) before test; d) Mo-doped SnO2 nanowires after test in H2SO4 (0.1 mol/l) at
50°C for 10 days; e) Mo-doped SnO2 nanowires after further corrosion test in H2SO4 (0.5 mol/l) at
80°C for 10 days.
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5.5 Conclusions
Mo-doped SnO2 nanowires were prepared by a simple CVD method. Different doping
levels were explored by designing the ratio of MoO3/Sn in the starting materials. The
growth and morphology of the nanowires are affected by the ratio of starting materials.
Bigger MoO3/Sn ratio in the starting materials can lead to higher Mo doping level in the
products, while the diameter becomes bigger and the length is shorter. However, if the
ratio is too big, the growth of the nanowires is inhibited. The Mo doping also improved
the corrosion resistance of SnO2 nanowires. By Mo doping, SnO2 nanowires become very
stable, and can remain the fine nanowire morphology even in a corrosive environment.
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Chapter 6 Core-Shell Heterostructures of Sn Nanowires
@ CNTs with Controlled Thickness of Carbon Shell *
6.1 Abstract
Core-shell structure of Sn nanowires encapsulated in amorphous carbon nanotubes
(Sn@CNTs) with controlled shell thickness was in-situ prepared via chemical vapor
deposition (CVD) method. The products were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).The thickness of carbon
shell was accurately controlled from 4 to 99 nm by changing growth time, flow rate of
hydrocarbon gas (C2H4) and synthesis temperature. The present work is expected to
contribute some useful information to the development of one-dimensional core-shell
nanostructures for potential applications.

6.2 Introduction
Over the last decades, nanomaterials have been widely investigated due to their unique
structure and outstanding properties compared with bulk materials [1-7]. And various
nanostructures with different dimensions have been developed, such as nanoparticles [5,
8], nanowires [9-13], nanotubes [14-18] and nanosheets [19]. In order to control the
physical and chemical properties of nanostructures to a more diverse range and obtain
better performance than the individual material, some studies have been focused on the
combination of different materials to create core-shell heterostructures with different
compositions and interfaces [20-23]. Zhang et al. synthesized Si/SiO nanocomposite by a
*
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sol-gel method with a subsequent heat-treatment [24]; Chen et al. controlled the carbon
coating on SnO2 nanoparticles as anode materials for Li-ion batteries [5]. The novel
heterostructures are also prepared in one dimension, such as filling carbon nanotubes with
metal nanowires [25-28] and particles [29], heterojunctions of nanowires and nanotubes
[30], coaxial metal and carbon nanotubes [31].
Among various core-shell nanostructures, tin @ carbon core-shell heterostructures
have received extensive attention due to their unique physicochemical properties and
wide practical applications [32-36]. The metal tin can be easily oxidized and
contaminated due to their high chemical surface activity, leading to the deterioration of
their performance. A carbon shell can provide an effective layer to ensure the stabilization
and passivation of the active tin surface, and also acts as a functional buffer layer which
may favor their practical applications such as fuel cell and lithium-ion batteries [32, 33].
The core-shell structure can be produced with various morphologies in different methods.
Zhang et al. synthesized Sn nanoparticles encapsulated in hollow carbon spheres [33];
Kumar et al. filled CNTs with Sn metal; Li et al. claimed the in-situ synthesis of Sn
nanowires encapsulated in amorphous carbon nanotubes [35]; Deng et al. presented the
fabrication of rambutan-like tin-carbon nanocomposites [36]. However, there has no work
carried out on the tin @ carbon heterostructures with controlled carbon shell thickness,
which would modulate the physical and chemical properties of the heterostructures.
In this work, we report an in-situ method to synthesize encapsulated Sn nanowires in
amorphous CNTs (Sn@CNTs), with controlled thickness of outer carbon shell. The
thickness of outer carbon shell can be accurately controlled by different experimental
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parameters, such as growth time, hydrocarbon gas flow rate and synthesis temperature.
The products were characterized by using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).

6.3 Experimental
Sn nanowires encapsulated in amorphous CNTs (Sn@CNTs) were synthesized by
CVD method. In the typical procedure, Sn powder was chosen as the starting material and
loaded in a ceramic boat which was put in the center of a quartz tube mounted in a tube
furnace. A piece of commercial carbon paper was placed next to the Sn powder at the
down stream of an Ar flow (400 sccm) which was used as carrier gas. Before the reaction,
the tube was purged by Ar flow for 15 min. Then the furnace was heated up to the
required temperature (800~900 ºC) under a mixed atmosphere of Ar and hydrocarbon gas
(C2H4, 2~10 sccm). The system was kept at the synthesis temperature for 2 hours, and
then was turned off and cooled down to the room temperature.
The products were characterized by using field emission scanning electron microscopy
(FE-SEM, Hitachi 4800S), transmission electron microscopy (TEM, Hitachi 7000) and
high-resolution transmission electron microscopy (HRTEM, JEOL 2010 FEG).

6.4 Results and Discussion
Figure 6-1a shows the as-synthesized nanostructures on the carbon substrate at 850ºC
under C2H4 flow (5 sccm) for 2 hours. The nanostructures are quite dense and completely
cover the carbon substrate. The high resolution SEM image (Figure 61-b) reveals that the
nanostructures exhibit as nanowires with the length ranging from 4 to 7 µm and average
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diameter around 170 nm. At the tips of the most nanowires, hollow cells are observed
which are formed by very thin shell.

Figure 6-1: SEM images of Sn@CNTs synthesized at 850ºC for 2h with C2H4 of 5 sccm.

Structural information was further investigated by TEM. Figure 6-2 presents the TEM
images showing interesting information of as-synthesized nanostructures, which clearly
reveals the core-shell structure. The core-shell structure consists of thin shell outside and
solid core inside (Figure 6-2a and b). The selected area electron diffraction (SAED)
pattern at the location marked in Figure 6-2b is shown in Figure 6-2c. The SAED pattern
is well indexed as β-Sn with the incident beam along [101] crystal direction. The fringe
spacing of the lattice of Sn nanowire was measured and labeled in Figure 6-2d. The
distance between two layers in the lattice is 0.414 nm which corresponds well to d
spacing of {110} crystal planes of Sn with the standard crystal spacing of 0.412 nm [37,
38]. On the other hand, the broadened diffraction rings in Figure 6-2c indicate the
existence of amorphous carbon. The carbon shell in Figure 6-2d does not present the
graphitic features. That means that the as-synthesized nanostructures have a core-shell
structure consisting of crystalline Sn nanowires as core and amorphous carbon nanotubes
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as shell (Sn@CNTs). The hollow cells were formed due to the shrinking of the liquid Sn
during the cooling process.

Figure 6-2: TEM and HRTEM images of Sn@CNTs synthesized at 850ºC for 2h with C2H4 of 5 sccm.
(a) and (b) TEM images; (c) selected area electron diffraction (SAED) patterns at location shown in
(b); (d) HRTEM image revealing the details of lattice spacing of Sn nanowires and amorphous
carbon layers.
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In order to control the thickness of the amorphous carbon shell, the effects of different
experimental parameters on the carbon thickness were investigated, such as growth time,
hydrocarbon gas flow rate and synthesis temperature.
To determine the effect of the growth time, products were prepared in different growth
time from 30 minutes to 2 hours. After 30 minutes, a big amount of products with coreshell structure were observed (Figure 6-3a). But there is still some area of carbon
substrate exposed, which means the time is not long enough for the substrate to harvest
the reaction species. The average length of Sn@CNTs is only around 3µm. TEM image
(Figure 6-3b) shows that very thin carbon shell forms outside the core with the average
thickness of about 6 nm. As the growth time was prolonged to 1 hour, dense Sn@CNTs
were obtained with the average length of approximately 6 µm (Figure 6-3c). The average
thickness of carbon shell increases to 13 nm (Figure 6-3d). When the growth time was
continuously prolonged to 2 hours, the Sn@CNTs became much denser and completely
covered the carbon substrate (Figure 6-3e). The average length increases to 10 µm. The
outer carbon shell becomes quite thicker approximately to 18 nm (Figure 6-3f). The
above results illustrate that the thickness of outer amorphous carbon shell can be
controlled by the growth time. The longer growth time could lead to the thicker
amorphous carbon shell. The growth rate of amorphous carbon shell also varies at
different growth time. In the first 30 minutes, the growth rate was 12 nm/hour; after 1
hour, the growth rate increased a little bit to 13 nm/hour; after 2 hours, the growth rate
was decreased to 9 nm/hour. The growth rate increased at the beginning of growth, but
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decreased as the growth time was prolonged further. The results may be related to the
kinetics of the carbon shell growth. The growth mechanism contains the decomposition of

Figure 6-3: SEM and TEM images of Sn@CNTs synthesized at 850ºC with C2H4 of 5 sccm for
different growing time. (a) and (b) 30min; (c) and (d) 1h; (e) and (f) 2h.
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C2H4, and absorption and diffusion of carbon precursors at Sn droplets acting as catalysts,
followed by precipitation of carbon shell and growth of Sn nanowires [35]. At the initial
growth stage, the carbon species was low in the tin droplets, and the precipitation of the
carbon was dominated by the supply rate of the carbon source. Increasing the growth time
may enhance the supply of carbon precursors, then the growth rate could increase. With
the prolonged growth time, the carbon concentration in the droplets was gradually
saturated, and the growth rate would be dominated by diffusion and precipitation rate of
the carbon. Therefore, the growth rate of carbon shell became slow with the growth time.
Hydrocarbon gas flow is another factor that can affect the growth of the outer carbon
shell. To explore the effect, another two samples were produced at different C2H4 flow
rates of 2 sccm and 10 sccm, respectively. As is known, the carbon precursors are the key
factor of the growth of Sn@CNTs [35]. At relatively small flow rate of C2H4 of 2 sccm,
the supply of carbon precursors was not sufficient, and the deposition of carbon was not
in a high efficiency, which inhibited the growth of Sn@CNTs and resulted in low density
of the products (Figure 6-4a). Figure 6-4b shows the TEM image of the core-shell
structure with very thin carbon shell. The average thickness of the carbon shell is 4 nm,
much less than that at the flow rate of 5 sccm. Due to the thin thickness and weak support,
the carbon shell collapsed at the hollow part. In contrast, the big flow rate of C2H4 can
enhance the growth of Sn@CNTs. At higher C2H4 flow rate of 10 sccm, both of the
density of the products and the thickness of carbon shell increased (Figure 6-4c and d).
Especially, the carbon shell with the average thickness of 51 nm was obtained. The results
demonstrate that the flow rate of C2H4 can greatly affect both the growth rate of
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Sn@CNTs and the thickness of the carbon shell. Higher flow rate of C2H4 can enhance
the supply of carbon precursors and then could lead to the denser products and thicker
carbon shell.

Figure 6-4: SEM and TEM images of Sn@CNTs synthesized at 850ºC for 2 hours with different C2H4
flow rates. (a) and (b) at 2 sccm; (c) and (d) at 10 sccm.

The effect of the temperature on the deposition of carbon shell was also investigated to
approach an efficient route to control its thickness. Products were prepared with C2H4
flow rate of 5 sccm for 2 hours at 800ºC and 900ºC, respectively. At 800ºC, though the
other parameters were kept the same, the growth of nanostructures was inhibited. Only a
few Sn@CNTs grew on the carbon substrate (Figure 6-5a). Figure 6-5b reveals that the
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carbon shell is very thin, with the average thickness of 4 nm, much thinner than that
synthesized at 850ºC. When the temperature was increased to 900ºC, many Sn@CNTs
were found on the substrate (Figure 6-5c). The average thickness of carbon shell is 99 nm
(Figure 6-5d), much thicker than those synthesized at 800ºC and 850ºC. At higher
temperature, the decomposition of C2H4 was promoted which could lead to the efficient

Figure 6-5: SEM and TEM images of Sn@CNTs synthesized with C2H4 of 5sccm for 2 hours at
different synthesis temperatures. (a) and (b) at 800ºC; (c) and (d) at 900ºC.

supply of carbon precursors. Then the growth of Sn@CNTs was enhanced with
increasing thickness of carbon shell. However, when the temperature was higher than
900oC, the growth was restricted again, which may be due to the ultrafast decomposition
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of C2H4, and the thick carbon shell could block the path of Sn supply which resulted in
the inhibition of the growth.

6.5 Conclusions
Sn nanowires encapsulated in thickness-controllable amorphous carbon nanotubes were
produced in-situ with CVD method. Sn@CNTs have a large surface area and directly
grew on the carbon paper. The thickness of the amorphous carbon shell can be well
controlled by changing synthesis parameters, such as growth time, hydrocarbon gas flow
rate and synthesis temperature. The thickness of carbon shell ranges from 4 nm to 99 nm
in different synthesis conditions. Sn@CNTs could be a promising candidate as anode
materials for Li-ion batteries due to the unique core-shell structure and large surface area.
Further work is under way in terms of the performance of the Sn@CNT core-shell
structure with different thickness of carbon shell as the lithium-ion battery anode.
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Chapter 7 Core-shell Heterostructures of Sn Nanowires
@ CNTs with Controllable Nature of Carbon Shell *
7.1 Abstract
Coaxial core-shell nanostructure of tin nanowires sheathed with carbon nanotubes
(Sn@CNTs) was obtained by a chemical vapor deposition (CVD) method. Single
crystalline Sn nanowires were encapsulated inside carbon shell on carbon microfiber
substrate. The crystal nature of the carbon shell can be readily switched from amorphous
carbon to graphitic one by using Fe as the catalyst. Morphology, microstructure and
composition distribution of the coaxial Sn@CNTs were characterized by scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDS) techniques. The growth mechanism of tin
nanowires sheathed with graphitic shell was proposed.

7.2 Introduction
Tin-based nanomaterials have been intensively studied due to their wide applications,
including sensors [1, 2], catalyst support [3], field emission [4], electrodes [5, 6] and
other potential applications. Up to now, tin-based nanomaterials with various
morphologies like nanoparticles [7], nanotubes [8] and nanowires [9-12] have been
prepared by different synthesis methods such as chemical vapor deposition (CVD) [1319], heat treatment [20, 21], hydrothermal [22], laser [23] and template methods [24-26].
Although distinct performance has been explored in these nanostructures, they yet suffer
*
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surface damage and aggregation during the working process due to their active surface,
which would inevitably deteriorate the properties of the nanostructures [27, 28]. Recently,
it has been reported that introducing carbon into these nanomaterials to form composites
or heterostructres may effectively solve the problems [5, 7, 29-34]. Derrien et al. prepared
nanostructured Sn-C composite which prevents the particles from aggregation [5];
Jankovič et al. synthesized Sn nanowries encapsulated in carbon nanotubes to protect
nanowires against atmospheric oxidation [32]. The roles of carbon in these nanomaterials
have been proposed as: 1) protecting the nanomaterials from damage in various working
environment; 2) stabilizing the novel structures; 3) increasing the electrical conductivity
[27, 33, 34]. Among the Sn-C nanostructures, the nature of carbon is either amorphous
[28-30] or graphitic phase [31, 32]. From the view of the performance of properties such
as electrical conductivity, ion diffusion ability, thermal and chemical stability, the nature
of the involved carbon has to be carefully controlled. However, the accurately designing
and controlling the nature of carbon in these composites and heterostructures still remains
a challenge.
In chapter 6, we have reported the growth of tin nanowires encapusated in armophous
carbon nanotubes. In this chapter, aiming at controlling the nature of carbon, we present
an in-situ synthesis of Sn nanowire @ CNT core-shell nanostructures on carbon
microfibers by CVD method, and the nature of carbon shell can be readily controlled
from amorphous carbon to graphite by using Fe as the catalyst. The effect of Fe on the
nanostructure growth was investigated and the growth mechanism was proposed.
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7.3 Experimental
Sn@CNTs were synthesized by hot-walled CVD method. Sn powder was used as the
starting material loaded in a ceramic boat which was placed in the center of a quartz tube.
The quartz tube was mounted in a tube furnace. A piece of commercial carbon paper was
used as the substrate and put at the down stream of an Ar flow (400 sccm) which was
used as carrier gas. For Sn@CNTs with amorphous carbon shell, a bare carbon paper was
directly used as substrate, while for Sn@CNTs with graphitic carbon shell, the substrate
was pre-treated by depositing a very thin Fe film (5 nm). Before the reaction, the tube was
purged by Ar flow for 15 min. When the furnace was heated up to the reaction
temperature (850ºC), the nanostructures began to grow on the substrate under a mixed
flow of Ar and hydrocarbon gas (C2H4, 5 sccm). The system was kept at this condition for
2 hours, and then was cooled down to room temperature.
The products were characterized by field emission scanning electron microscopy (FESEM, Hitachi 4800S SEM), transmission electron microscopy (TEM, Hitachi 7000),
high-resolution transmission electron microscopy (HRTEM, JEOL 2010 FEG) and energy
dispersive X-ray spectroscopy (EDS).

7.4 Results and Discussion
Figure 7-1a and b show SEM images of the as-synthesized nanostructures on bare
carbon substrate. The carbon substrate is totally covered by the dense nanostructures
(Figure 7-1a). More details are shown in the high resolution SEM image (Figure 7-1b).
The

as-synthesized

nanostructures

possess
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one-dimensional

morphology.

The
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nanostructures are around 7~10 µm in length and 160 nm in average diameter. At the tips
of the nanostructures, the hollow cells are observed which reveals that the nanostructures
may have the core-shell structures.

Figure 7-1: SEM images of Sn@CNTs on carbon paper without catalysts.

TEM and HRTEM images are shown in Figure 7-2 which presents more details of the
products. The TEM images indicate that the one-dimensional nanostructures have the
core-shell structure consisting of a solid core and a very thin shell (Figure 7-2a and b).
The average thickness of the outer shell is around 20 nm. Energy dispersive X-ray
spectrums (EDS) reveal more information (Figure 7-3). The solid core filling the hollow
cave is Sn nanowire, while the outer thin shell is carbon. The fringe spacing of the lattice
of Sn nanowire was measured and labelled in Figure 7-2c. The distance between two
layers in the lattice is 0.414 nm which is well indexed to d spacing of 0.412 nm for {110}
of Sn [22, 23]. On the other hand, the carbon shell in Figure 7-2c does not present the
graphitic features. That means the core-shell structure comprises of crystal Sn nanowires
encapsulated in amorphous carbon nanotubes.
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Figure 7-2: TEM and HRTEM images of Sn@CNTs on carbon paper without catalyst. (a) and (b)
TEM images; (c) HRTEM image.

The relative mapping images are shown in Figure 7-4 which confirms the above results
and show that the distribution of Sn and C in the core-shell nanostructure is very uniform.
It can be seen that the individual hollow CNT is partially filled by Sn nanowire and the
hollow cell forms in some part along the nanostructure (Figure 7-4).
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Figure 7-3: HAADF images and EDS sprctra of Sn@CNTs on carbon paper without catalyst (a)
HAADF image; (b)-(d) EDS spectra at location 1,2 and 3 (hollow region).
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C

Figure 7-4: Mapping images of Sn@CNTs on carbon paper without catalyst. (a) TEM image of
Sn@CNT; (b) Sn map; (c) C map.

137

138
Fe is one of the most popular catalysts for the catalytic growth of carbon nanotubes
[35-37]. To change the nature of the carbon shell from amorphous carbon to graphitic one,
Fe was introduced into the system as catalyst for the growth of carbon shell. A very thin
Fe film with 5 nm in thickness was deposited on the surface of carbon substrate before
reaction.

Figure 7-5: SEM images of Sn@CNTs on carbon paper with Fe as catalyst..

Figure 7-5 shows SEM images of the as-synthesized nanostructures with Fe catalyst
film. The products also feature one-dimensional morphology with average length of 5 µm
and diameter of 140~170 nm. At the tips of the nanostructures, very thin films were
observed which covered the solid nanowires. This indicates the products have the coreshell structure.
TEM images in Figure 7-6 provide further information of the products. The
nanostructures have the core-shell structure consisting of thin shell and solid core. The
average thickness of the outer shell is 11 nm, while the thinnest part is only 3 nm. At
some locations, the thin shell can not provide strong support and collapse (Figure 7-6a).
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Figure 7-6b clearly presents the hollow cell formed by partially filling CNTs with Sn
nanowires.

Figure 7-6: TEM images of Sn@CNTs on carbon paper with Fe as catalyst.

HAADF image (Figure 7-7a) clearly shows the core-shell structure of the products.
The interior hollow core is almost filled by metal nanowire. The mapping results confirm
that the solid core is Sn nanowire mixed with iron and covered by thin carbon shell
(Figure 7-7b). The solid nanowires mainly comprise of Sn. However, the trace of Fe was
found along the growth direction of the nanowire. The amount of Fe is quite small, about
1 at.%. The HRTEM image in Figure 7-7c reveals the nature of the outer carbon shell.
Layered structure was clearly observed outside the Sn nanowires. The layered structure
indicates the carbon shell possesses the graphitic feature which is quite different from the
amorphous carbon prepared without Fe. The results demonstrate that introducing Fe film
can change the nature of carbon shell in Sn@CNTs.
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By analyzing the results of these two samples, the only difference is introducing the Fe
film into the reaction system. Without Fe film, the amorphous carbon was obtained
outside the Sn nanowires, while with Fe film as catalyst, the carbon shell presented the
graphitic feature. Then we propose that the key factor that can control the nature of the
carbon shell is the Fe catalyst film, and the growth mechanism of Sn@CNTs with
graphitic carbon is proposed.

a

b

c
Figure 7-7: HAADF, mapping and HRTEM images of Sn@CNTs on carbon paper with Fe as
catalyst. (a) HAADF image; (b) maps of C, Sn, Fe and combination; (c) HRTEM image.
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Before the growth of the core-shell structures, a very thin Fe film was deposited on the
surface of carbon fibres (Figure 7-8a and b). The thin Fe film melted at the elevating
temperature and formed small droplets which might act as catalyst for the decomposition
of C2H4 and initial growing sites for Sn nanowire growth (Figure 7-8c). When the furnace
reached the required temperature, C2H4 was introduced into the reaction zone and Sn was
evaporated and transferred to carbon substrate by Ar flow. Sn precursors joined the Fe
droplets from the vapour phase, while C2H4 decomposed at the surface of the droplets and
released carbon precursors which were absorbed by the droplets (Figure 7-8d). When the
droplets were supersaturated with carbon, carbon would precipitate and form carbon shell
(Figure 7-8e). Because of the presence of Fe in the droplets, the precipitation of carbon
followed a catalytic growth process in which carbon shell with graphitic feature were
achieved. Carbon precursors were continuously absorbed and precipitated to form carbon
shell, while Sn precursors were fed into the structure from the top of the core-shell
structures to support the growth of inside core. As continuously feeding of Sn into the
core, the concentration of Fe was diluted at the top and resulted in the concentration
gradient (Figure 7-8e insert). The concentration gradient could lead to the diffusion of Fe
from the bottom to the top to continue the catalytic growth of graphitic carbon shell. That
explains why the concentration of Fe is bigger at the bottom than that at the top. After the
furnace was switch off, the open end at the top of the core-shell structure was closed by
carbon shell and the growth was terminated (Figure 7-8f). When the products were cooled
down to the room temperature, the phase of inside core would change from liquid to solid
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resulting in the shrinking of the volume. Then small hollow cells were formed inside the
core-shell structure at some parts (Figure 7-8f insert).

Fe

(a)

(b)

(c)

Sn

C2H4

(f)

(d)
(e)

Figure 7-8: Schematic of the growth mechanism of Sn@CNTs with Fe as catalyst. (a) plain carbon
fibre, (b) Fe-coated carbon fibre, (c) Fe droplets formed at elevating temperature ont the surface of
carbon fibre, (d) SnFe alloyed droplets containing carbon precursors formed on the surface of carbon
fibre, (e) catalytic growth of carbon shell and Sn core, insert: the cross section of individual core-shell
structure, (f) Sn@CNTs on carbon fibres after reaction, insert: the cross section of individual coreshell structure.
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7.5 Conclusions
Sn@CNTs were prepared on carbon paper by CVD method, using pure Sn powder and
C2H4 as the starting materials. Dense products with one-dimensional core-shell structure
were obtained on the substrate. The nature of carbon shell was tuned by introducing Fe as
the catalyst and the effect of Fe catalyst was revealed. Without catalyst, amorphous
carbon shell was deposited outside the crystalline Sn nanowires, while with Fe catalyst, a
catalytic growth of graphitic carbon shell happened simultaneously with the growth of Sn
nanowire core, following a tip-growth mode.
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Chapter 8 Multi-Generation Core-Shell
Heterostructures of Sn Nanowires @ CNTs: Effects
of Precursors *
8.1 Abstract
Effects of precursors on the growth of the core-shell structure of Sn nanowires
encapsulated in carbon nanotubes (Sn@CNTs) have been investigated in a chemical
vapor deposition (CVD) process. SnO2 and SnO were used as the Sn source and C2H4
provided carbon precursors. The products were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD)
and Raman spectroscopy. Multi-generation Sn@CNTs were obtained by using tin oxide
precursors. Growth of the heterostructures for both SnO2 and SnO as the starting
materials, was temperature-dependent. High reaction temperature enhanced the growth
rate and increased thickness of the carbon shell, but the crystallinity of carbon shell
decreased with the temperature. At high temperature (950°C), multi-generation products
with branched structure were observed by using SnO2 and SnO as precursors, and SnO2
favored the growth of multi-generation structure at low temperature (900°C). Raman
spectra indicated that the crystallinity of carbon shell decreased as the temperature
increased. However, SnO2 could lead to better crystalline quality of carbon than SnO at
low temperature, while SnO might result in better crystalline carbon structure at high
temperature.

*

This chapter has been submitted to General Motors Company for publishing permission.
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8.2 Introduction
Heterostructures of tin-based nanowires encapsulated in carbon nanotubes have
attracted intensive research interest due to their unique structure and superior
physicochemical properties compared to the pristine tin-based nanowires, and are widely
used in Li-ion batteries, catalyst supports and as building blocks in other potential
applications [1-3]. The carbon shell can both increase the electrical conductivity of the
products and enhance the stability of the nanocores [4-6]. There are usually two synthesis
approaches to fabricate these novel core-shell nanomaterials: hydrothermal [7] and
chemical vapor deposition (CVD) method [2, 3, 8]. In terms of both methods, the
employment of different tin precursors would change morphology and structure of the
final products and thus affect their properties as well. In hydrothermal method, SnCl4 is
the very popular materials to supply Sn precursors, accompanied with glucose acting as
carbon source [4, 7]. Ji et al. used SnCl4 as the starting materials in preparing carboncoated SnO2 nanorods [7]. Besides SnCl4, NasSnO3 and K2SnO3 are also reported as Sn
sources in hydrothermal synthesis of these novel structures [5, 9, 10]. In the CVD method
which features simple equipment setup and operation, and easy synthesis requirements,
pure Sn is a popular material with low melting point (230°C) for preparation of tin-based
nanomaterials [11-16]. Li et al. claimed the synthesis of Sn nanowires encapsulated in
carbon nanotubes by using Sn as starting material by CVD method [8]. SnO2 and SnO
have also been reported as alternative Sn sources in the fabrication of SnO2 nanowires
[17-27]. However, the effects of SnO2 and SnO precursors on the growth of tin-based
nanowire @ CNT core-shell heterostructures have rarely been addressed.
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In chapter 6 and chapter 7, we have reported the growth of one-generation tin
nanowires within carbon nanotubes. In this chapter, we present the in-situ synthesis of
multi-generation Sn nanowires @ CNTs (Sn@CNTs) with different starting materials
(SnO2 and SnO) by CVD method. Effects of the precursors and temperature on the
morphology of the nanostructures and crystalline quality of the carbon shell were
investigated. The results indicated that multi-generation one-dimensional nanostructures
were obtained by using tin oxide precursors. By introducing C2H4 gas as carbon source
and reductant into the reaction zone, it was found that the synthesis temperaturse were
quite lower than the melting points of SnO2 and SnO.

8.3 Experimental
The heterostructures of Sn@CNTs were synthesized by CVD method with different
starting materials. Sn precursors were provided by SnO2 and SnO powders, respectively.
C2H4 (5sccm) was used as the carbon source. SnO2 or SnO powder was loaded in a
ceramic boat which was placed at the center of a quartz tube. The quartz tube was
mounted in a furnace. Commercial carbon paper was chosen as the substrate to grow the
nanostructures. The carbon paper was put near the SnO2 or SnO powder at the down
stream of an Ar flow (400 sccm) which was used as gas carrier. Before the reaction, the
tube was purged by the Ar flow for 15 min. Then the system was heated up to the
required temperature (750~950°C), and was kept for 2 hours. Finally, the furnace was
turned off and cooled down to the room temperature.
The products growing on the surface of carbon paper were characterized by using field
emission scanning electron microscopy (FE-SEM, Hitachi 4800S SEM), transmission
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electron microscopy (TEM, Hitachi 7000), energy dispersive X-ray spectroscopy (EDS)
and X-ray diffraction (XRD, Rigaku Co K radiation) and Raman spectroscopy (Horiba
Jobin Yvon LabRAM HR 800).

8.4 Results and Discussion
8.4.1 Synthesis of Sn@CNTs with SnO2

Figure 8-1: XRD patterns of Sn@CNTs on carbon paper with SnO2 as the strating material
prepared at different temperatures.

Figure 8-1 shows the XRD patterns of Sn@CNT core-shell structure on carbon paper
with SnO2 powder as the starting material prepared at different synthesis temperatures of
850°C, 900°C and 950°C, respectively. The diffraction peaks appear in Figure 8-1 at 35.7,
37.3, 51.4, 52.6, 65.2, 74.1, 75.6, and 76.6° are well matched with that of tetragonal Sn
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phase structure (JCPDS card No. 04-0673). The sharp peaks indicate that the Sn materials
have a good crystallinity. There are another two peaks observed at 30.7 and 64.2° indexed
to graphite (JCPDS card No. 41-1487) which arise from the products and the carbon
substrate. The XRD patterns also reveal that the chemical composition of the products is
very stable at various synthesis temperatures.

Figure 8-2: SEM images of Sn@CNTs on carbon paper with SnO2 as starting materials at different
temperatures. a) 750°C, b) 850°C, c) 900°C and d) 950°C.

Figure 8-2 shows the SEM images of Sn@CNTs prepared at different temperatures. It
can be seen that the growth of Sn@CNTs is temperature-dependent.

At lower

temperature of 750°C, only sparse particles were observed on the surface of carbon
substrate (Figure 8-2a). By increasing the temperature, the growth of nanostructures
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began to be triggered on the substrate. At 850°C，a lot of nanowire-like structures were
obtained shown in Figure 8-2b. These nanowires have the average length of 11 µm and
average diameter of 45 nm. The nanowires are also very straight with smooth surface
(Figure 8-2b insert). There are also many big particles deposited on the surface of the
substrate. When the temperature was increased to 900°C, dense products with nanowirelike morphology were achieved (Figure 8-2c). On the surface of these nanowires, the
second generation nanostructures were found with smaller diameter and shorter length
(Figure 8-2c insert). The first generation have a bigger average diameter around 450 nm,
while the second one have a much smaller average diameter around 240 nm and tiny
round tips. At higher temperature of 950°C, the substrate was completely covered by the
products (Figure 8-2d). The products also comprise of two-generation structure with
larger size than the products growing at 900oC (Figure 8-2d insert). The average diameter
of the first generation is around 1 µm, while the second generation products are thinner
with average diameter of 840 nm.
The above results indicate that the growth of nanostructures is sensitive to the
temperature. High temperature may lead to dense products, while low temperature could
not support the growth effectively. It can be deduced that the decomposition of C2H4 is
evidently affected by the temperature, which influences the amount of carbon precursors.
At lower temperature of 750°C, the decomposition of C2H4 was not efficient, and there
were not enough carbon precursors for the growth of nanostructures. As the temperature
was increased (850°C), the decomposition efficiency of C2H4 was enhanced to provide
enough carbon precursors to trigger the growth. Higher temperature (900°C) could
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promote the growth and more Sn precursors deposited on the surface of nanostructures to
induce the growth of the second generation nanostructures. At much higher temperature
(950°C), the growth of the branch-like structure was further enhanced. It can be deduced
that higher temperature favors more complete decomposition of the C2H4 and the higher
concentration of tin species, which facilitate the growth of branched structure.

Figure 8-3: TEM images of Sn@CNTs on carbon paper with SnO2 as starting materials at different
temperatures. a) 850°C, b) 900°C and c) 950°C.
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The proposed mechanism is confirmed by TEM results (Fig. 8-3). At lower
temperature (850°C), very thin carbon shell was observed outside the Sn nanowires as
shown in Figure 8-3a. The average thickness of the carbon shell is only 4 nm (Figure 83a). At 900°C, much thicker carbon shell formed with the average thickness of 48 nm
(Figure 8-3b). At higher temperature, 950°C, carbon shell was so thick that the inside
nanowires could not be discerned (Figure 8-3c). The total diameter of the core-shell
nanostructures can reach as thick as 1 µm.

Figure 8-4: Raman spectra of Sn@CNTs with SnO2 as starting materials at different temperatures.

The crystalline quality of the outer carbon shell was characterized by Raman
spectroscopy. The Raman spectra shown in Figure 8-4 have two main peaks: the G-band
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(1580 cm-1) and the D-band (1350 cm-1). The G-band is the representative feature of
graphitic carbon which is well-crystallized; the D-band derives from the defects and
disorders in the carbon lattice including vacancies, pentagons and heptagons [28-30]. The
intensities of D-band and G-band can be represented by integrating the peak area via
deconvoluting the Raman spectrum. The ratio of the D-band and G-band (ID/IG) indicates
the crystalline quality of the carbon [29]. Figure 8-4 shows that the ID/IG varies as the
synthesis temperatures. At low temperature of 850oC, ID/IG was approximately 1.08. As
temperature was higher, ID/IG was also increased to 1.61 and 2.01 at 900oC and 950oC,
respectively. The increase in ID/IG indicates the loss of long-range order in graphitic
layers and means the decrease of the crystallinity of carbon. As increasing the
temperature, the thickness of carbon shell was also increased. However, more amorphous
carbon and defects formed in the thicker shell, which could make a contribution to Dband.
The melting point of SnO2 is 1630°C which makes the synthesis very difficult.
However, the presence of C2H4 can make the synthesis temperature much lower than
1000°C. During the reaction, C2H4 plays quite an important role as the reductant to reduce
SnO2 to intermediate products with lower melting temperature like SnO (melting point
1080°C) or Sn (melting point 273°C). In addition, SnO can further decompose into Sn
and SnO2. Sn precursors are used to build up Sn nanowires, while SnO2 precursors are
recycled in the loop of the reaction again [25].
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8.4.2 Synthesis of Sn@CNTs with SnO
To synthesize Sn@CNTs, SnO is also a good candidate to provide Sn precursors.
Compared with SnO2, SnO has a lower melting point (1080°C). By using C2H4 as carbon
source and reductant, the reaction temperature is lower than its melting point.
Figure 8-5 shows the XRD patterns of Sn@CNTs on carbon paper with SnO powder
as the starting material prepared at temperature from 850°C to 950°C. The diffraction
peaks in Figure 8-5 at 35.7, 37.3, 51.4, 52.6, 65.2, 74.1, 75.6, and 76.6° are perfectly
indexed to tetragonal Sn phase structure (JCPDS card No. 04-0673). The Sn material
presents a high crystallinity according to the strong and sharp peaks. The trace of carbon
is also captured at 30.7 and 64.2° as graphite (JCPDS card No. 41-1487) deriving from
the products and arbon substrate.

Figure 8-5: XRD patterns of Sn@CNTs on carbon paper with SnO as strating material at different
temperatures.
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Figure 8-6 shows the SEM images of the products growing at different temperatures.
The results indicate that the growth of nanostructures is also temperature-dependent. At
low temperature of 750°C, particles were the only products found on the surface of
carbon substrate shown in Figure 8-6a. To induce the growth of nanostructures, the
temperature was increased to 850°C. At this temperature, sparse nanowire-like structures
were observed on the substrate (Figure 8-6b). The nanowires are very straight and have
the smooth surface with the average diameter of 340 nm (Figure 8-6b insert). However,
particles are also deposited at the roots of nanowires. As the temperature was kept
increasing to 900°C, the growth was enhanced. Dense products were achieved on the
surface of the substrate (Figure 8-6c). The morphology of the nanowires remains straight

Figure 8-6: SEM images of Sn@CNTs on carbon paper with SnO as starting materials at different
temperatuers. (a) 750°C, (b) 850°C, (c) 900°C and (d) 950°C.
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with smooth surface, but a larger average diameter of 450 nm (Figure 8-6c insert). At
much higher temperature of 950°C, dense products with branch-like morphology were
observed (Figure 8-6d). The first generation nanostructures have a larger average
diameter of 920 nm, while the second generation have a smaller average diameter of 780
nm (Figure 8-6d insert).

Figure 8-7: TEM images of Sn@CNTs on carbon paper with SnO as starting materials at different
temperatures. a) 850°C, b) 900°C and c) 950°C.
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TEM images in Figure 8-7 reveal the thickness of carbon shell at different temperatures.
The growth rate of outer carbon shell relies on the reaction temperature. At low
temperature of 850°C, quite thin carbon shell covered the nanowires (Figure 8-7a). The
average thickness of the carbon shell is only 6 nm. As the temperature went up to 900°C,
the average thickness was also increased to 50 nm (Figure 8-7b). At high temperature of
950°C, the carbon shell was so thick that the signals of inside nanowires could not be
discerned (Figure 8-7c).
The above results demonstrate that the growth of nanostructures with SnO as
precursors is also temperature-dependent. The growth can be enhanced by the elevating
temperature. Higher temperature favors the more complete decomposition of C2H4. The
sufficient supply of carbon precursors results in the thicker carbon shell outside the Sn
nanowires.
The Raman spectra of the products are shown in Figure 8-8. ID/IG was increases when
the synthesis temperature went up. The value of ID/IG is 1.56, 1.67 and 1.79 at the
temperature of 850°C, 900°C and 950°C, respectively. The results reveal that the
crystalline quality of carbon shell decreased as the temperature increased. More defects
were introduced into the carbon shell with the reaction temperature.
Compared with the products by using SnO2 and SnO as the precursors, SnO precursors
could lead to a better crystalline structure of carbon shell at high temperature of 950°C,
while at low temperature (850°C) SnO2 precursors might result in the better crystalline
quality. Usually high temperature makes a contribution to well-crystalline graphitic
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structure. In our experiments, however, the graphitic feature of carbon shell was enhanced
in the products at lower synthesis temperature (850°C) for both precursors.

Figure 8-8: Raman spectra of Sn@CNTs on carbon paper with SnO as strating materials at different
temperatures.

8.5 Conclusions
The effects of precursor on the growth of Sn@CNT heterostructures were investigated
in a CVD process in which SnO2 and SnO were used as the precursors. The growth of the
heterostructures is temperature-dependent. At low temperature, Sn@CNTs containing
carbon shell with small thickness and graphitic feature were observed on the substrates; at
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high temperature, dense products with thick and low crystalline carbon shell were
achieved. At high temperature (950°C), multi-generation Sn@CNT structures formed
with both SnO2 and SnO as the starting materials. However, at low temperature (900°C),
only SnO2 favored the growth of multi-generation structures. Raman spectra indicated
that the crystallinity of carbon shell decreased as the temperature increased. SnO2 can
lead to better crystalline quality of carbon shell than SnO at low temperature, while SnO
may result in better crystalline carbon structure at high temperature. The synthesis
temperature plays an important role in the growth and morphology of the Sn@CNT
heterostructures and the crystallinity of carbon shell.
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Chapter 9 Core-Shell Heterostructures of SnM (M=(Fe,
Ni, Cr) or Cu) Alloy Nanowires @ CNTs on Metallic
Substrates : Effects of Substrates *
9.1 Abstract
Tin-based alloys encapsulated in carbon nanotubes (Sn-alloy@CNTs) were in-situ
prepared by chemical vapor deposition (CVD) method. SnM (M=(Fe, Ni, Cr) or Cu) @
CNT core-shell heterostructures were directly deposited on stainless steel and Cu
substrates at 850~900ºC. Pure Sn powder and C2H4 were used as the starting materials to
provide Sn and carbon precursors. The stainless steel and Cu substrates were pre-treated
by acids (HCl and HF). The morphology, structure and compostion of the nanomaterials
depended on the surface conditions of the substrates. The products were characterized by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). On
stainless steel, with HCl pre-treatment, CNTs with hollow core filled by alloy nanowires
and fibres with porous core filled by alloy particles were observed; while with HF pretreatment, CNTs with alloy supported at the tips were obtained on the substrate. On Cu,
SnCu alloy nanowires encapsulated in carbon nanotubes were found on the substrate.

9.2 Introduction
One-dimensional (1D) nanomaterials have attracted intensive research interest owing
to their unique structure and excellent properties [1-8]. These 1D nanomaterials are

*

This chapter has been submitted to General Motors Company for publishing permission.
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considered as the promising candidates for various applications such as sensors [9-11],
field emission [12], scanning probe tips [13] and building blocks in electric devices [14].
To approach to diverse 1D nanostructures with tailored physical and chemical
properties, it is an alternative way to create 1D coaxial core-shell heterostructures.
Usually the heterostructures are created by covering the original structure with other
materials, such as introducing carbon layers to form a thin shell which can increase the
conductivity of the composites and also limit the volume expansion and aggregation of
metal nanowires [15, 16]. On the other hand, incorporating pristine nanostructure with
different materials is also employed to yield improved properties for applications [17-19].
Singh et al. produced Zn-doped In2O3 nanowires as gas sensor [20]; Gao et al. prepared
Cu-doped ZnO nanowires with enhanced ferromagnetism [21].
Sn-based nanostructures are of special interest because of their potential applications in
the Li-ion storage for batteries [22-24] and superconductors [25]. Recently, Sn-based 1D
heterostructures have been widely explored. Li et al. prepared Sn nanowires encapsulated
inside the carbon nanotubes (Sn@CNTs) by in-situ chemical vapor deposition (CVD)
method [15], and their potential as fuel cell electrodes was investigated as well [26];
Ragan et al. prepared nonlithographic epitaxial SnGe dense nanowires arrays for
optoelectronic application [27]. However, heterostructure of SnM (M=transitional metals)
alloy nanowires encapsulated in carbon nanotubes has rarely been investigated yet.
In chapter 6 to chapter 8, we have reported the growth of pristine tin nanowires within
carbon nanotubes on carbon paper substrate composing of micro carbon fibers. In order to
yield the novel nanostructure by combining coating and alloying, in this chapter we report
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an in-situ growth of Sn-alloy@CNT core-shell heterostructures on metallic substrates by
CVD method. In this method, the products were directly deposited on the stainless steel
and Cu substrates acting as both the donors of alloying elements and the supporting
substrates. The effects of the surface conditions of the stainless steel and Cu substrates on
the growth and morphology of the products have been investigated.

9.3 Experimental
The Sn-alloy@CNT heterostructures were synthesized by CVD method. Sn powder
(melting point 231 ºC) was chosen as the starting material and loaded in a ceramic boat.
The ceramic boat was put in the center of a quartz tube mounted in a tube furnace.
Stainless steel and Cu substrates were placed aside the Sn powder at the down stream of
an Ar flow (400 sccm) which was used as gas carrier. Before the synthesis, the pretreatment was applied to the substrates. Firstly, the substrates were polished by sand
paper. Secondly the surface was etched by acids (HCl or HF). For stainless steel, the
substrates were etched by HCl (1mol/l) or HF (10% by volume) for 30 min; for Cu, the
surface only was etched by HCl (1mol/l) for 30 min. Finally, the substrates were washed
with distilled water and dried. Before the reaction, the tube was purged by the Ar flow for
15 min. When the furnace was heated up to the required temperature (stainless steel:
900ºC, Cu: 850ºC), a mixture of Ar and hydrocarbon gas (C2H4, 5 sccm) was introduced
into the reaction zone. Then the growth of heterostructures would happen at the surface of
the substrates. The conditions were maintained for 2 hours, and then the furnace was
switched off and cooled down to the room temperature.
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The products were characterized by using field emission scanning electron microscopy
(FE-SEM, Hitachi 4800S SEM) and transmission electron microscopy (TEM, Hitachi
7000) and high resolution transmission electron microscopy (HRTEM, JEOL 2010 FEG).

9.4 Results and Discussion
9.4.1 Stainless Steel Substrate

Figure 9-1: SEM images of products on stainless steel with HCl pre-treatment.

Figure 9-1 shows the SEM images of the nanostructures growing at 900ºC on the
stainless steel substrate which was pre-treated by HCl solution. The surface of the
substrate was covered by dense nanowire-like products with diameter ranging from 150 to
300 nm (Figure 9-1a). These products feature a curved shape with rough surface (Figure
9-1b). High-angle annular dark-field (HAADF) STEM image (Figure 9-2a) shows that
the products have two types of nanostructures. One is the core-shell structure with hollow
shell filled by solid nanowires (Figure 9-2b), and the other is the nanofibers with porous
core decorated with nanoparticles inside (Figure 9-2c).
The details of these nanostructures were investigated by HRTEM technique. Figure 9-3
shows the HRTEM images of the core-shell nanostructures. Figure 9-3a clearly reveals
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the typical core-shell structure which comprises of two parts: CNT as the outer shell and
metal nanowire as the solid core. The CNT has a straight tubular cave which is filled by
solid nanowire, and the outer surface of CNT is quite rough. The average thickness of

Figure 9-2: HAADF and TEM images of products on stainless steel with two types of structures:
hollow core and porous core. (a) HAADF image; (b) TEM image of hollow core; (c) TEM image of
porous core.

168

169
outer carbon shell is aourd 80 nm, while the average diameter of inner metal nanowire is
approximately 100 nm (Figure 9-3b). Figure 9-3c and d are the HRTEM images of the
carbon shell marked in Figure 9-3b. The carbon shells at both of these two locations
present low graphitization. However, the inner part of the carbon shell near the metal
nanowries (Figure 9-3d) shows a relatively higher graphitization than the part further
from the metal core (Figure 9-3c).

a

b

c

d

Figure 9-3: HRTEM images of core-shell structure.
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To investigate the effects of the substrate on the growth of the nanostructures, the
composition of the core-shell structure was characterized by EDS mapping. The mapping
images reveal that the solid nanowires are mainly composed of Sn which alloyed with
different metals like Fe, Ni and Cr along the growth direction of nanostructure (Figure 94b). Considering that the starting material is pure Sn, therefore, all the doping elements

Location 1

Location 2

a

b
Figure 9-4: HAADF and mapping results of Sn-alloy@CNTs on stainless steel. (a) HAADF image; (b)
maps of Fe, C, Ni, Sn, Cr and combination.
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are from the stainless steel substrate. The growth mechanism of the nanostructure should
be quite similar to that of the Sn@CNTs with Fe film as catalyst mentioned in Chapter 7.
After pre-treatment, metals like Ni, Fe and Cr were exposed at the surface of the stainless
steel substrate. During the reaction, at the elevating temperature, Sn precursors deposited
on the surface of stainless steel substrate, and easily alloyed with the Ni, Fe and Cr to
form the initial nuclei and acted as catalyst for the decomposition of C2H4. The growth of
CNTs and metal nanowires happened simultaneously. Sn and carbon precursors were fed
into the core-shell structure from the top of the nuclei. Carbon precursors were absorbed
and precipitated at the alloys to form CNTs, while Sn precursors could be absorbed and
alloyed with the metals coming from the stainless steel substrate to produce the alloy
nanowires. The concentration of metals like Ni, Fe and Cr was diluted by continuous
feeding of Sn precursors, which might lead to the concentration gradient of these metals:
higher at the bottom and lower at the top of the nanostructure. The growth terminated
when the experiment was stopped and the metal nanowires shrank during the cooling
process in which the cavity formed. At location 1, the concentration of the metals is : Sn
60 at.%, Ni 35.5 at.%, Fe 1.5 at.% and Cr 3 at.%; at location 2, the concentration is : Sn
55.8 at.%, Ni 36.6 at.%, Fe 4.1 at.% and Cr 3.5 at.%. The results consist with the above
proposed growth mechanism.
Different from the straight core-shell structure mentioned above, the porous carbon
fibers have the contorted shape (Figure 9-5a). Many small pores form inside, along the
axis of the nanofibers. Some metal particles are found sporadically embedded in the pores
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(Figure 9-5a). The nanofibres have a very rough surface. The HRTEM image in Figure 95b reveals the low graphitization of the carbon fibers.

Figure 9-5: HRTEM images of porous fibre on stainless steel with HCl pre-treatment.

Figure 9-6 shows that the embedded particles are also alloys containing Sn 73.53 at.%,
Ni 16.59 at.%, Fe 5.82 at.% and Cr 4.06 at.%, repectively. Fe, Ni and Cr which come
from the stainless steel are not only contained in the metal particles, but also distribute
along the carbon fibers uniformly. Based on the results, the growth mechanism of the
nanofibers is quite different from that of the core-shell structures. During the growth, the
alloy particles were periodically lifted up, and some parts were also trapped inside the
fibres. Because of the the fast deposition of the outer thick carbon shell, the catalytic
effects of Ni and Fe on graphitization were not effective and Sn precursors could not be
fed into the structure coutinuously. Therefore, porous fibers containing alloy particles
formed on the substrate.
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a

b
Figure 9-6: HAADF and mapping results of porous fibres on stainless steel. (a) HAADF image; (b)
maps of Fe, C, Ni, Sn, Cr and combination.

Figure 9-7 shows SEM images of products on stainless steel with pre-treatment by HF
solution. After reaction, a big amount of products were obtained on the substrate (Figure
9-7a). The dense products have straight nanowire-like morphology with the big length
and smooth surface (Figure 9-7b). The diameter of the product ranges from 200 to 400nm.
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Figure 9-7: SEM images of products on stainless steel with HF pre-treatment.

TEM image (Figure 9-8a) shows that the products have the hollow cave formed by
straight CNTs. Solid metal is observed at the tips of the CNTs. Figure 9-8b reveals that
the CNTs have a smooth outer surface while a rough interior surface. The average
thickness of the nanotubes is around 30 nm.

Figure 9-8: TEM images of products on stainless steel with HF pre-treament.

Figure 9-9 is the HAADF-STEM images showing the information of composition of
the metal and CNTs. At the tip of the CNT, the big Sn-based alloy nanorod is observed
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shown in Figure 9-9a. At the top part, the nanorod is comprised of Sn 73 at%, Ni 18 at%,
Fe 5 at% and Cr 4 at%, while at the bottom the nanorod mainly contains Sn 96 at.% and
quite a small amount of other metals. The metals like Ni, Fe and Cr are from the stainless
steel surface where the alloying of metals happened.

73 at% Sn
18 at% Ni
5 at% Fe
4 at% Cr

96 at% Sn

Figure 9-9: HAADF images of Sn-alloy@CNTs on stainless steel with HF pre-treatment.

The growth of the nanostructure is supposed to follow a tip-growth mode. At the
beginning of the growth, Sn precursors deposited at the surface of the stainless steel
substrate from vapor phase and alloyed with Ni, Fe and Cr. These alloy nuclei acted as
the initial seeds for the growth of nanorod and CNTs. The weak adhesion between the
nanorod and substrate made the nanorod lift up during the growth of CNTs. Because of
richness in Ni and Fe which were popular catalysts for the catalytic growth of CNTs, the
nanorod also acted as catalyst for growth of graphitic carbon layers. Figure 9-9b presents
the high graphitization of the carbon layers deriving from the catalytic growth.
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The mapping results in Figure 9-10 show the distribution of carbon and Sn. The trace
of Sn along the nanotube indicates that during the lifting of the nanorod some metals were
left behind. The lifting of nanorod also results in the rough interior surface of the CNTs.

C

b
Sn

a

c

Figure 9-10: HAADF and mapping images of Sn-alloy@CNTs on stainless steel with HF pretreatment. (a) HAADF image; (b) map of C; (c) map of Sn.

By comparing the above results, the effects of the stainless steel substrate on the
growth and morphology of the products are revealed clearly. The surface conditions of
the substrate after pre-treatment may determine the morphology, interior structure and
composition of the final products.
The original stainless steel (304) contains Cr (18~20%) which is the key element that
makes the stainless steel show a good corrosion resistance in many damaging
environments. Ni (8%) in the stainless steel may also improve the properties of the
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stainless steel. In the pre-treatment step, polishing by sand paper may damage top layer
that might prevent the corrosion at the surface of the substrate. The etching by different
acids may remove the metals from the substrate.

Cr

a

Ni

b
Cr

c

Ni

d

Figure 9-11: Mapping results of stainless steel substrates after pre-treatment. (a) and (b) pre-treated
by HCl; (c) and (d) pre-treated by HF.

After pre-treatment by different acids, the surface conditions were changed a lot and
different from each other. Figure 9-11 shows the mapping results of the substrates after
pre-treatment by HCl and HF solutions, respectively. Hydrogen chloric acid could
slightly change composition of the substrate (Figure 9-11a-b). After pre-treatment, the
concentration of metals is Cr 14.6 at.% and Ni 5.35at.%. On the other hand, hydrogen
fluoric acid could effectively etch the substrate surface and evidently changed the
composition of the substrate at the surface (Figure 9-11c-d). The concentration of metals
is Cr 11.5 at.% and Ni 4.8 at.%. Based on the above results, different surface conditions
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lead to nanomaterials with different structures and morphology following different
growth mechanisms. Then the surface conditions apparently played an important role in
the growth of nanostructures.

9.4.2 Cu Substrate

Figure 9-12: SEM images of prodcuts growing on Cu.

On the other hand, the growth of heterostructures also happened on the Cu substrate.
Very dense products were obtained on the Cu substrate (Figure 9-12a). The products
possess one-dimensional nanowire-like morphology with a big range of diameter from
170 to 680 nm, and hollow cells form inside the nanostructurse (Figure 9-12b). Particles
are supported at the tips of some nanowires which indicates a tip-growth mode (Figure 912c) [28-30], while there is an open ends at the tip of other products (Figure 9-12d). The

178

179
open ends may result from the removing of the particles at the tips during the cooling
process in which the solid may shrink leading to the weak connection between the
particles and supports.

Figure 9-13: TEM images of products growing on Cu.

Figure 9-14: HRTEM images of products growing on Cu.

The TEM images in Figure 9-13 reveal the further details of the products. The products
have a core-shell structure consisting of a solid core encapsulated inside a hollow tube
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(Figure 9-13a-b). The hollow tubes are quite straight and long with a average thickness of
23 nm. Both the inner and outer surfaces are smooth and clean. Figure 9-14 is the
HRTEM images which give out the information of hollow tube. Figure 9-14b clearly
reveals the graphitic features which indicates that the outer hollow tubes are graphitic
CNTs. However, the graphitization of the CNTs is not so good.

b
Figure 9-15: HAADF and mapping results of SnCu@CNTs on Cu. (a) HAADF image; (b) maps of
Cu, Sn, C and combination.

To investigate the further information of the core-shell structure, mapping
characterization was carried out and the results were shown in Figure 9-15. The mapping
images present the composition and distribution of the elements in the core-shell structure
(Figure 9-15b). The inside solid core is the alloy nanowire consisting of Cu and Sn. The
atomic ratios of Cu and Sn along the nanowire are 83.93% and 16.07%, respectively.
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However, the distribution of the metals is not uniform along the nanowire. At location 1,
the composition is: Cu 85.64 at.% and Sn 14.36 at.%; at location 2, the composition is:
Cu 90.56 at.% and Sn 9.44 at.%; at location 3, the composition is: Cu 82.70 at.% and Sn
17.30 at.%. The reuslts indicate the concentration gradient of metals formed along the
axis of the core-shell structure: the top part of the nanowire is richer in Cu than the
bottom part. The non-uniform distribution also reveals the clues of the growth mechanism.
Cu can alloy with Sn at low temperature in liquid phase [31]. At the initial stage, Cu
alloyed with Sn from vapor phase and formed small nuclei at the substrate surface. The
small alloy nuclei which were rich in Cu acted as the initial growing sites. Meanwhile,
C2H4 was introduced into the reaction zone and decomposed at the surface of alloy nuclei.
The released carbon precursors were absorbed by alloy nuclei. When the alloy nuclei
were supersaturated with carbon, carbon would precipitate at the surface to form CNTs.
On the other hand, Sn precursors were continuously absorbed from the vapor phase at the
top of the alloy nuclei and precipitated at the rear side, which might lead to the lifting of
the alloy from the bottom to the top. Then the concentration of Cu was diluted during the
lifting, but Cu still remained a high concentration along the nanowires. When the growth
of core-shell structure was terminated, the alloy became solid nanowires filling in the
CNTs. During the cooling process, the shrinking of the solid nanowires may result in the
hollow cells forming inside the core-shell structures.

9.5 Conclusions
Sn-alloy@CNT core-shell heterostructures were directly prepared on stainless steel and
Cu substrates. The surface coditions of the substrates can evidently affect the growth and
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morphology of the products. After etched by hydrogen chloric acid, the final products
containing CNTs filled by Sn-based alloy nanowires and nanofibres with porous core
filled by Sn-based alloy particles were observed on the surface of the stainless steel
substrates. While with hydrogen fluoric acid pre-treatment, CNTs with Sn-based alloy
nanorods supported at the tips were obtained. On Cu susbstrate, only SnCu alloy
nanowires encapsulated in CNTs were found. Based on the analysis of the experimental
results, the structures, morphology and features of the products are mainly determined by
the surface composition deriving from the different types of substrates with pretreatments.
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Chapter 10 Core-Shell Heterostructures of SnCo Alloy
Nanowires @ CNTs on Carbon Microfiber Substrate*
10.1 Abstract
One-dimensional

SnCo

alloy

nanowires

encapsulated

in

carbon

nanotubes

(SnCo@CNTs) were synthesized by chemical vapour deposition (CVD) method.
Morphology, phase structure and composition of the nanostructures were characterized by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS). The mixture of Sn
and Co(NO3)2·6H2O was used as the starting materials. The weight ratio of cobalt
precursor to tin and cobalt precursors ( Co(NO3)2·6H2O / (Sn and Co(NO3)2·6H2O) )
varied from 5% to 80%. At low Co concentration, the products showed nanowire-like
morphology with core-shell structure and low Co alloying level, while at high Co
concentration, the growth was inhibited and the morphology evolved into short nanorods
with high Co alloying level.The alloy nanowires may find potential applications as
building blocks in producing various nanodevices such as fuel cells and lithium-ion
batteries.

10.2 Introduction
Metallic tin has been extensively used in the electronics industry owing to its excellent
ductility, electrical conductivity and demonstrated as catalyst due to its high activity [1-5].
With the continued demand for miniaturization and integration of various devices, one*
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dimensional nanostructures have shown distinct advantages in producing high
performance devices due to their quantum size effect, big surface area and high activity [3,
6].
Recent progress has shown that Sn nanowires exhibit unique superconductivity far
below the superconducting transition temperature and magnetization properties [7]. In
addition, Sn nanostructured materials have exhibited enhanced capacity and cycling
stability when alloyed with lithium for secondary battery applications [2, 8-11].
Nevertheless, the nanostructured tin suffer from oxidation and shape fragmentation,
which deteriorate their physicochemical properties. Therefore, a combination of carbon
nanotubes (CNTs) and tin nanowires has been created to solve the problems [7, 12].
Moreover, the introduction of the CNTs would affect interfacial transport and reactions at
the heterostructures, and strongly influence on the quality of the corresponding
nanodevices. More recently, alloy nanomaterials of SnCo have been developed to obtain
improved performance compared to pure tin nanowires [13-21]. However, the
heterostructure of SnCo nanowires encapsulated inside the CNTs have not been reported
yet.
In chapter 9, we have reported Sn alloy nanowires within CNTs on metallic substrates
by using stainless steel and copper as both substrates and donors of alloying elements. In
this chapter, we present the synthesis of Sn-Co-C nanomaterials by introducing external
cobalt precursors to control the compositon of the alloy in a chemical vapor deposition
(CVD) method at relatively low temperature. The nanomaterials have a smart structure
with the SnCo alloy nanowires covered by thin CNTs (SnCo@CNTs). The growth and
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morphology of the products were affected by the concentration of Co precursors from the
starting materials. These effects have been investigated in this part.

10.3 Experimental
SnCo@CNTs were synthesized by CVD method. To introduce Co into the smart coreshell structure, Co(NO3)2·6H2O was added into the starting materials and mixed with Sn
powder. The mixture was prepared with different weight ratios of cobalt precursors to tin
and cobalt precursors, Co(NO3)2·6H2O / (Sn and Co(NO3)2·6H2O), from 5% to 80%. The
starting materials were loaded in a ceramic boat and placed in the center of a quartz tube.
An Ar gas was used as gas carrier (400 sccm). A small piece of carbon paper was put near
the starting materials at the down stream of the Ar flow. Before the reaction, the tube was
purged by the Ar flow for 15 min. When the system was heated up to the required
temperature (850oC), C2H4 (5sccm) was introduced into the reaction zone. The reaction
was kept for 1 hour and stopped. Then the system was cooled down to the room
temperature.
The products were characterized by field emission scanning electron microscopy (FESEM, Hitachi 4800S SEM),), transmission electron microscopy (TEM, Hitachi 7000),
energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD, Brucker D8,
Co K radiation).

10.4 Results and Discussion
Figure 10-1 shows the XRD patterns of the selected samples with different starting
materials. For the low weight ratio of Co(NO3)2·6H2O (30 wt.%) in the starting materials,
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after reaction, the trace of Sn (JCPDS No. 41-1487) is observed clearly at the 2θ angle of
35.6, 37.3, 51.3, 52.6, 65.2, 74.1, 75.6 and 76.6° (Figure 10-1a). The signals of carbon are
captured at 30.7 and 64.1° (JCPDS No. 41-1487), which arise from the products and the
carbon substrate. At the weight per cent of Co(NO3)2·6H2O at 60%, the shape of the
peaks are similar to that at 30 wt.% (Figure 10-1b). However, at higher weight ratio of 80
wt.%, the peaks of Sn become weak and some new peaks appear. Figure 10-1c and d are
the patterns selected at different locations on the sample with weight ratio of 80 wt.%.

Figure 10-1: XRD patterns of the products with different Co(NO3)2·6H2O ratio in starting materials.
(a) 30 wt.%, (b) 60wt.% (c) 80wt.% at central part of substrate; (d) 80wt.% at edge part of substrate.
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Figure 10-1c shows the pattern obtained from the center part of the substrate. At the
center part, Sn peaks disappear while new peaks at 35.5, 48.0, 50.4, 51.8, 60.6 and 70.2°
which are well indexed to Co3Sn2 (JCPDS No. 02-0724) rise up. Besides the peaks of
Co3Sn2, the products also contain SnO with the diffraction peaks at 38.8 and 56.0°
(JCPDS No. 06-0395). All the peaks are very narrow and sharp indicating the high
crystallinity of the alloys. The pattern from the edge of the substrate is shown in Figure
10-1d which contains the peaks arising from carbon, Sn, Co3Sn2 and CoSn (at 67.9°,
JCPDS No. 02-0559). The XRD results of products at higher Co precursor concentration
show that Co is incorporated into the products and alloys are formed. There are also some
unknown peaks at 27.1 and 63.3° which will be further investigated in the future work.

Figure 10-2: SEM and TEM images of products at Co(NO3)2·6H2O ratio of 5 wt.%.

Figure 10-2 shows SEM and TEM images of the products from the starting materials
with 5 wt.% of Co(NO3)2·6H2O. The products have a nanowire-like structure with high
density and large coverage on the whole carbon substrate. The average diameter is around
88 nm. TEM image (Figure 10-2b) reveals that the products have a core-shell structure:
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metal core and carbon shell. The outer carbon shell is very thin. At some parts of the
nanostructures, the thin carbon shell collapses due to the weak support (Figure 10-2b).
The mapping results are shown in Figure 10-3. Based on the mapping results, the coreshell structure is consisted of Sn nanowries as inside core and the outer carbon shell. The
trace of Co is also captured inside the Sn nanowires. The amount of C, Sn and Co is 95.88
at.%, 4.08 at.% and 0.04 at.%, respectively. The atomic ratio of Co:Sn in the core-shell
structure is less than 0.01.

Figure 10-3: Mapping results of products at Co(NO3)2·6H2O ratio of 5 wt.%. (b) C; (c) Sn; (d) Co.

190

191
The amount of Co(NO3)2·6H2O was increased to 10 wt.% and the SEM results are
shown in Figure 10-4a. After reaction, the products are still dense with small average
diameter around 100 nm. TEM image (Figure 10-4b) indicates the products have the coreshell structure with very thin carbon shell and solid nanowires. Mapping images and EDS

Figure 10-4: SEM and TEM images of products at Co(NO3)2·6H2O ratio of 10 wt.%.

Figure 10-5: Mapping results of products at Co(NO3)2·6H2O ratio of 10 wt.%. (b) C; (c) Sn; (d) Co.
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results (Figure 10-5) clearly present the uniform distribution and the atomic percentage of
C (98.43 at.%), Sn (1.55 at.%) and Co (0.02 at.%). The ratio of Co:Sn is around 0.01.
As the amount of Co(NO3)2·6H2O was increased to 20 wt.%, the morphology of
nanostructures still remained nanowire-like core-shell structure (Figure 10-6a). However,

Figure 10-6: SEM and TEM images of products at Co(NO3)2·6H2O ratio 20 wt.%.

Figure 10-7: Mapping results of products at Co(NO3)2·6H2O ratio 20 wt.%. (b) C; (c) Sn; (d) Co.

192

193
the density of the products decreased. There are many big particles decorated at the
surface of the substrate. The average diameter of nanowires is around 106 nm. TEM
image (Figure 10-6b) shows that the products also have the core-shell structure with very
thin outer shell. The mapping images and EDS results (Figure 10-7) show the distribution
and atomic percentage of C (96.84 at.%), Sn (3.12at.%) and Co (0.04at.%). The ratio of
Co:Sn remains 0.01.
When the amount of Co(NO3)2·6H2O increased to 30 wt.%, the morphology began to
change. Most products remain the nanowire-like morphology, but some of them are
much thicker and shorter (Figure 10-8a). The average diameter is around 126 nm. The
products still are consisted of core-shell structure as shown in the TEM image (Figure 108b) in which collapsing carbon shell is observed. The distribution of C (91.63 at.%), Sn
(8.21 at.%) and Co (0.16 at.%) are shown in Figure 10-9. The results show that the Co
content is increased and the ratio of Co:Sn reaches 0.02.

Figure 10-8: SEM and TEM images of products at Co(NO3)2·6H2O ratio 30 wt.%.
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Figure 10-9: Mapping results of products at Co(NO3)2·6H2O ratio 30 wt.%. (b) C; (c) Sn; (d) Co.

The morphology changed a lot when Co(NO3)2·6H2O took up 60 wt.% in the starting
materials. The products became nanorods with short average length of approximately 670
nm and thick average diameter around 192 nm (Figure 10-10a-b). The atomic percentage
of C, Sn and Co is revealed by mapping and EDS results (Figure 10-11): C 97.99 at.%, Sn
1.69 at.% and Co 0.32. The Co:Sn ratio remains 0.2.

Figure 10-10: SEM images of products at Co(NO3)2·6H2O ratio 60 wt.%.
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Figure 10-11: Mapping results of products at Co(NO3)2·6H2O ratio 60 wt.%. (b) C; (c) Sn; (d) Co.

When the weight percentage of Co(NO3)2·6H2O was further increased to 80 wt.%, the
morphology and shape of the products were completely changed. Two types of products
were found at different locations on the substrate.
At the center part of substrate, the products are composed of dense and short fibres
with curved shape and rough surface (Figure 10-12a and b). The average diameter is
around 476 nm which is much thicker than above results. EDS results show the atomic
percentage of each element: C 98.36 at.%, Sn 0.36 at.% and Co 1.28 at.%. The Co:Sn
ratio reaches the maximum of 3.56. Based on the XRD patterns, Co was incorporated into
the products and alloyed with Sn to form Co3Sn2 shown in Figure 10-1. Mapping images
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reveal that the products have a carbon-rich matrix with Sn and Co uniformly dispersed
inside the nanostructures (Figure 10-13).

Figure 10-12: SEM images of products at central part of substrate at Co(NO3)2·6H2O ratio of 80
wt.%.

Figure 10-13: Mapping results of products at central part of substrate at Co(NO3)2·6H2O ratio of 80
wt.%. (b) C; (c) Sn; (d) Co.
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Figure 10-14: SEM and TEM images of products at edge of substrate at Co(NO3)2·6H2O ratio of 80
wt.%.

On the other hand, nanotubes were found at the edge of the substrate. These nanotubes
have long length and very smooth surface (Figure 10-14a). The diameter is from 300 to
500 nm. TEM image show the hollow structure of the nanotubes (Figure 10-14b). The
nanotubes have a average thickness of 70 nm and very smooth surface with big particles
at the tips which indicate the tip-growth mechanism (Figure 10-14b).
EDS results reveal that the atomic percentage for C, Sn and Co in the structure is
93.75%, 5.5% and 0.75%, respectively (Figure 10-15). These hollow nanotubes are CNTs.
Co:Sn ratio is decreased to lower value of 0.14. The composition of the particles
supported at the tips is analyzed by EDS. From Figure 10-16, it can be seen that the
particles supported at the tips is SnCo alloy. Although the Co:Sn ratio decreases, there is
also the trace of alloys in the nanostructures, such as Co3Sn2 and CoSn.
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Figure 10-15: Mapping results of products at edge of substrate at Co(NO3)2·6H2O ratio of 80 wt.%.
(b) C; (c) Sn; (d) Co.

b

a
Figure 10-16: EDS spectrum of particle supported at the tip of the nanotube.
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Based on the above results, the effects of Co precursor concetration on the growth and
morphology of the products are revealed. With a low amount of Co precursors in the
starting materials, the effects were not apparent. The products remained the nanowire-like
morphology with the core-shell structure. However, as the Co concentration became
dense, the growth and morphology of the products were influenced. As the Co
concentration was gradually increased in the reaction zone, the growth of nanostructures
started to be inhibited and the density decreased. The morphology was also changed. The
nanostructures became shorter and thicker, varying from nanowires to nanorods. Under
very high Co atmosphere, at certain location of the substrate, nanotubes which followed
the tip-growth mechanism were found. The alloying level was also enhanced as the
amount of Co precursors increased.

10.5 Conclusions
SnCo alloy nanowires encapsulated in CNTs were prepared by a simple CVD method
at low synthesis temperature. The growth and morphology of the core-shell
nanostructures can be affected by the Co concentration in the starting materials. Low Co
concentration may not make a significant influence on the growth and morphology of the
nanostructures. As the Co concentration was increased in the reaction zone, the growth of
nanostructures was gradually inhibited and the morphology changed from nanowires to
nanorods. The increased Co concentration could also make a contribution to enhance the
alloying in the nanowires.
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Chapter 11 Three-Dimensional Hybrid Architechture of Mo2S3
Nanoflowers on Carbon Microfibers: Non-Catalystic and
Catalytic Growth Mechanisms 
11.1 Abstract
High-density three-dimensional Mo2S3 nanoflowers have been synthesized via
chemical vapor deposition (CVD) method with S and MoO3 powders as the starting
materials, by introducing gold catalyst in triggering the growth. The nanoflowers are from
1.9 to 3.6 µm in diameter; the individual nanopetal is from 500 nm to 2.3 µm in width
and has extremely thin thickness around 10 nm. The effects of S and Au on the growth of
the nanostructures were investigated in a wide range of molar ratio of S/MoO3 from 1:5 to
5:1. Without gold catalyst, dense nanopetals were not able to be obtained unless under a
high sulfur concentration atmosphere (S/MoO3 5:1). With Au catalyst, dense products
were steadily achieved even in a wide range of S/MoO3 molar ratio from 1:5 to 5:1, while
the growth of nanostructures was inhibited as the ratio increased. The morphology and
structure of the as-synthesized nanostructures were characterized using scanning electron
microscopy (SEM) and high resolution transmission electron microscopy (HRTEM). The
growth mechanisms were proposed.

11.2 Introduction
Nanomaterials have attracted intensive research interest in the past decade for their
novel structure and potential applications [1-4]. Recently, nanostructured metal
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chalcogenides have received particular attention. Among various metal chalcogenide
nanostructures, nanostructured MoS2 have been extensively investigated due to their
applications for electrode materials [5], electrochemical hydrogen storage [6] and
optoelectronics [7]. Up to now, nanostructured MoS2 with different dimensions have been
prepared including nanowires [8], nanotubes [9,10], flowers [11,12] and nanospheres [13]
by various methods, such as chemical vapor deposition (CVD) [14], hydrothermal
synthesis [15,16], template method [17,18] and sulfurization of MoO2 [11]. The
comprehensive investigation of MoS2 has also stimulated the research on the trivalent
molybdenum sulfide, Mo2S3 [19-21]. Mo2S3 nanostructure can be either prepared by a
solid-gas reaction between MoO3/Al2O3 support material and H2S [20], or converted by
MoS2 via a certain treatment [22]. However, controlled synthesis of uniform Mo2S3
nanoflowers and nanopetals with stably high density still remains a challenge.
In this chapter, we describe a facile route to synthesize uniform Mo2S3 nanoflowers and
nanopetals with steadily high density by introducing gold catalyst in triggering the growth
in a CVD process. Without gold catalyst, nanopetals could be observed under a very
dense S concentration. While gold was introduced, dense products with high quality could
be readily obtained in a wide range of S/MoO3 molar ratio. The effects of S and Au on the
growth of nanostructure were investigated.

11.3 Experimental
The nanostructures were prepared via CVD method. The synthesis was performed in a
quartz tube which was mounted in an electric furnace. S and MoO3 powders as the
starting materials were loaded in the ceramic boats, respectively, with the molar ratio
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varying from 1:5 to 5:1. The MoO3 powder was placed in the center of the quartz tube;
the S powder was put at the entrance of the furnace, up stream of an Ar flow (400 sccm)
which acted as gas carrier. The commercial carbon paper composing of micro carbon
fibers was used as the substrate and was put close to MoO3 powder at the down stream of
the Ar flow. Two kinds of carbon paper were used: one is the bare carbon paper without
any pre-treatment; the other is pre-treated by depositing a very thin Au film with 5 nm in
thickness on the surface. The quartz tube was purged by the Ar flow for 15 minutes prior
to the synthesis. Then the furnace was heated up to the reaction temperature (810ºC), and
kept for 2 hours to make the starting materials react completely. Finally the furnace was
cooled down to the room temperature.
The products collected from the surface of the carbon paper were investigated by field
emission scanning electron microscopy (FE-SEM, Hitachi 4800S) and high-resolution
transmission electron microscopy (HRTEM, JEOL 2010 FEG).

11.4 Results and Discussion
Figure 11-1 shows SEM images of the typical Mo2S3 nanoflowers synthesized with
S/MoO3 molar ratio of 1:1 in the starting materials on carbon paper with Au catalyst.
Dense products were observed on the carbon fibers (Figure 11-1a). The products feature
three-dimensional flower-like morphology (Figure 11-1b). The entire diameter of the
nanoflowers is from 1.9 to 3.6 µm. Each nanoflower consists of tens to hundreds of
pieces of nanopetals (Figure 11-1c). The nanopetals have very smooth surface and sharp
edge, and are slightly curved as well (Figure 11-1d). The nanopetals are from 500 nm to
2.3 µm in width and have extremely thin thickness around 10 nm.
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Figure 11-1: SEM images of as-synthesized nanoflowers at S/MoO3 molar ratio of 1:1with Au as
catalyst.

Hhigh resolution TEM (HRTEM) images are shown in Figure 11-2. Figure 11-2a
depicts that the nanopetals are a little curved and quite thin, which is consistent with SEM
results. The HRTEM image (Figure 11-2b) and fast fourier transformation (FFT)
diffraction pattern (inset of Figure 11-2b) are from the same individual nanopetal and
reveal the highly crystallinity of the petal. The interplanar distance is measured as 0.24
nm and belongs to the plane ( 1 12) of Mo2S3. The FFT pattern can be indexed as ( 201 ),

( 1 12 ) and (111) crystal planes of monoclinic Mo2S3 (JCPDS card No.: 81-2031).
To investigate the effect of S on the growth of the Mo2S3 nanostructures, different
molar ratios of S/MoO3 varying from 1:5 to 5:1 in the starting materials were explored
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without catalyst, and the results are shown in Figure 11-3. With a very small S/MoO3
molar ratio of 1:5, many tiny particles and quite a few nanopetals were observed on the

Figure 11-2: HRTEM images of nanopetals synthesized at S/MoO3 molar ratio of 1:1with Au as
catalyst. (a) image of morphology of individual nanopetal; (b) HRTEM image showing the lattice
image of nanopetal, inset showing the FFT pattern.

surface of the carbon substrate (Figure 11-3a and b). The size of nanopetals is from 450
nm to 1.5µm in width and about 40 nm in average thickness. By increasing the S/MoO3
ratio to 1:1, bundles of small flowers appeared (Figure 11-3c). The nanoflowers are
composed of very tiny petals with sharp edge and approximately 3µm in the average
width (Figure 11-3d). However, the amount of bundles of nanoflowers is quite small, and
most of the surface of the substrate is exposed. As keeping increasing the S/MoO3 ratio to
5:1, the carbon substrate was completely covered by dense nanopetals (Figure 11-3e). The
nanopetals with sharp edge and thin thickness around several nanometers are quite dense
and closed-packed. The size of nanopetal is in a wide range from 500 nm to 3.2 µm in
width (Figure 11-3f). The above results indicate that the growth of nanostructures is
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affected by the concentration of sulfur atmosphere. Concentrated S atmosphere can
induce the growth of nanopetals, and increasing the concentration of S could enhance the
growth of the nanostructures.

Figure 11-3: SEM images of the as-synthesized nanostructures without Au catalyst. (a) and (b) for
S/MoO3 molar ratio of 1:5; (c) and (d) for S/MoO3 molar ratio of 1:1; (e) and (f) for S/MoO3 molar
ratio of 5:1.
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On the other hand, aiming at yielding dense products, a thin Au film was introduced
into the system since Au was a very popular catalyst in the growth of nanostructures [2329]. A very thin Au film with 5 nm in thickness was deposited on the surface of carbon
paper and all other experimental parameters were kept the same.

Figure 11-4: SEM images of the as-synthesized nanostructures with Au catalyst. (a) and (b) for
S/MoO3 molar ratio of 1:5; (c) and (d) for S/MoO3 molar ratio of 1:1; (e) and (f) for S/MoO3 molar
ratio of 5:1.
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Figure 11-4 shows the SEM images of nanostructures synthesized in the presence of
Au at different S/MoO3 molar ratios from 1:5 to 5:1. With Au as the catalyst, although at
relatively low concentration of S (S/MoO3 molar ratio of 1:5), quite a big amount of
nanopetals grew on the substrate shown in Figure 11-4a. The nanopetals with smooth
surface are very big from 600 nm to 4µm in width, and show sharp edge around 10 nm in
thickness (Figure 11-4b). As increasing the S/MoO3 ratio to 1:1, dense nanopetals were
closed-packed and formed many nanoflowers on the surface of carbon substrate (Figure
11-4c). The nanoflowers have the size from 1.9 to 3.6 µm. Each nanoflower is composed
of many petals and presents a three-dimensional morphology with the open structure
which provides a huge surface-to-volume ratio (Figure 11-4d). All the petals have an
extremely thin thickness, sharp edge and very smooth and clean surface. However, if the
S/MoO3 ratio was further increased to 5:1, the growth of nanostructure was influenced by
the dense S atmosphere. The products still remain the nanopetal shape with the similar
size but low density, and are not closed-packed (Figure 11-4e). Some of the petals are
bended and not clean at the surface. There are many very tiny pieces of cracks as
impurities decorated on the surface of nanopetals (Figure 11-4f). Many particles are also
observed at the roots and among the nanopetals, which is another source of impurities.
By comparing the results with and without Au catalyst, the effect of Au is revealed.
Without catalyst, dense nanopetals were only obtained under very dense S atmosphere
(S/MoO3 ratio of 5:1). However, after introducing Au into the system, dense nanopetals
and nanoflowers could be steadily generated in a wide range of S/MoO3 ratio from 1:5 to
5:1, which indicated that Au played a very important role in the growth of the
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nanostructure. To investigate the effect of Au on the growth of nanostructure, the growth
mechanism has been studied and proposed.
The growth mechanisms of the nanostructure with and without Au are similar, but the
presence of Au leads to lower requirements to initiate the growth. Without Au, the S
(melting point 115°C) and MoO3 (melting point 795°C) were evaporated and reacted in
vapor phase (Figure 11-5a). MoO3 was sulfided to Mo2S3 and transported to the bare
carbon substrate by the Ar flow (Figure 11-5b). The Mo2S3 precursors deposited on the
surface of carbon substrate and nucleated randomly depending on the surface conditions
of the substrate (Figure 11-5c). Then the continuous deposition of precursors happened at
the surface of initial nuclei which acted as the seeds for the subsequent growth. The initial
seeds gradually grew into big nanopetals and nanoflowers following a vapor-solid (VS)
mode [30] (Figure 11-5d). In a VS mode, the initial seeds determine the growth of
nanostructure: more initial seeds which provide more growth sites could result in dense
products easily. However, the dense products were only obtained under highly
concentrated S atmosphere (S/MoO3 ratio of 5:1) which might lead to the complete
reaction between the starting materials, and provided enough precursors (Mo2S3) for the
growth of the nanostructures. That indicates the effect of S concentration plays an
important role in the growth of nanostructures. At high S concentration, the
supersaturation of reactive precursors was big enough to lead to effective deposition at
the surface of substrate and formation of many initial seeds (Figure 11-5f). All the initial
seeds finally grew into big nanopetals and nanoflowers (Figure 11-5g-h). While at
relatively low S concentration, there were not enough reactive precursors to form uniform
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and dense nuclei on the bare carbon substrate (Figure 11-5c). That could result in the low
density of final products (Figure 11-5d). On the other hand, when a very thin Au film was
introduced, at the elevating temperature, a large amount of tiny Au droplets could form on
the surface of the substrate uniformly (Figure 11-5e). These Au droplets might act as the

Figure 11-5: A schematic growth mechanism of nanopetals and nanoflowers with and without Au
catalyst. (a) sulfurization of MoO3 by S; (b) Deposition of Mo2S3 at plain carbon substrate (c) less
Mo2S3 seeds at low concentration; (d) less and small nanopetals growing on plain carbon substrate; (e)
Au droplets forming on the carbon substrate; (f) uniform and dense Mo2S3 seeds forming at the
substrate;(g)-(f) Mo2S3 seeds grow into big nanopetals and nanoflowers at high S concentration or
with Au catalyst.

211

212
initial growth sites at which the precursors were much easier to be deposited at various
S/MoO3 ratios (Figure 11-5f). Usually, Au can be used as catalyst to grow the novel
nanostructures, such as nanowires, in a vapor-liquid-solid (VLS) mode [26,27]. In the
typical VLS mode, firstly the precursors are absorbed at the surface of the Au droplets
from the vapor phase. When the Au droplets are supersaturated with the precursors, the
precursors will precipitate and form nanostructures [27]. However, it is quite difficult to
yield Au-S alloy due to the high volatilization of S [31]. Thus the growth of Mo2S3
nanoflowers with Au as catalyst is not a VLS process. The role of Au is only to provide a
big amount of sites to trigger the nucleation of Mo2S3 easily. Then with the help of Au,
even at relatively low S concentration, the precursors can be easily absorbed at the Au
seeds and form nuclei (Figure 11-5e-f). The nuclei finally grow into dense nanostructures
with big size following the VS mode (Figure 11-5g-h).

11.5 Conclusions
Dense Mo2S3 nanoflowers and nanopetals were prepared by CVD method with Au
catalyst under optimal concentrated S atmosphere. The effects of S and Au catalyst are
revealed. Without catalyst, only high concentrated S atmosphere could lead to the dense
growth of the nanostructures. With Au catalyst, the growth of nanostructures was very
easily triggered even in a wide range of S/MoO3 molar ratio from 1:5 to 5:1. At the
optimal S/MoO3 ratio of 1:1 with Au catalyst, a big amount of nanoflowers were obtained
with big size and thin edge on the surface of the carbon substrate. The stable synthesis of
high-density three-dimensional Mo2S3 nanoflowers makes it possible for the applications
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in producing different nanodevices such as cathode materials for lithium-ion battery and
field emission.
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Chapter 12 Conclusions and Future Work
12.1 Conclusions
One-dimensional nanomaterials including CNTs, NCNTs, SnO2 nanowires, Mo dopedSnO2 nanowires and Sn-based nanowire @ CNT core-shell structure, and twodimensional Mo2S3 nanopetals were designed and synthesized by CVD method. NCNTs
with high nitrogen concentration up to 10.4 at.% were obtained in a facile precursor
pyrolysis method. Mo-doped tin oxide nanowires were investigated for the first time
aiming at improving their chemical stability. Heterostructure of tin nanowires @ CNTs
was synthesized, which may promise great potential in wide applications such as fuel
cells and lithium-ion batteries. In addition, tin-based nanowires @ CNTs were explored
by introducing different dopants including Fe, Ni, Cr, Cu, which were expected to exhibit
improved physicochemical properties compared with the pristine ones, and there has no
report on this work. In terms of controlled growth of two-dimensional nanostructures with
high surface area, catalytic growth of molybdenum sulfide nanopetals was reported. In
addition, catalytic and non-catalytic growth mechanisms of the nanopetals were both
proposed. High density Mo2S3 nanopetals with uniform morphology were readily
controlled in a catalytic growth process, which might guarantee the production of the
nanopetals in an industrial scale and promise their potential in practical applications.
Morphology, structure and properties of these nanomaterials were characterized by
various techniques (SEM, TEM, XRD, EDS, XPS and Raman spectroscopy). Effects of
synthesis parameters, such as reaction temperature, growth time, precursor concentration,
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external atom doping, catalyst and substrate, on the growth, morphology and structure of
these nanomaterials were investigated. Growth mechanisms of these nanomaterials were
also discussed.

12.1.1 Nanotubes (CNTs, NCNTs)
High quality CNTs with high purity, uniform size and desirable alignment were
synthesized by CVD method on carbon paper and Si wafer with sputtering Fe film as
catalyst using C2H4 as carbon source. Effects of growth temperature, flow rate of C2H4
and growth time on the nanotubes were investigated and the correlation between the
synthesis parameters and the growth of the CNTs was addressed. Density, growth rate
and size of the CNTs are temperature-dependent. Relatively high temperature may
enhance the growth rate of CNTs. Dense aligned CNTs were obtained at the optimal
temperature around 780°C. However, if the temperature is too high beyond the optimal
range, the growth can be inhibited. The flow rate of C2H4 is another factor that affects the
growth of the CNTs. CNTs can grow in a wide range of the flow rate of C2H4 from 5 to
100 sccm. Higher flow rate can reduce the contaminant and lead to dense aligned CNTs
with clean surface. Growth time may also influence the growth of the CNTs. Longer
growth time could result in longer aligned CNTs standing on the Si wafer. By designing
these synthesis parameters, the density, length, size and purity of the CNTs can be well
controlled.
Aligned NCNTs were prepared by CVD method on Si wafer with sputtering Fe film as
catalyst by pyrolyzing melamine. Usually, in a typical CVD process the carbon and
nitrogen precursors come from separated sources. While in our research, both carbon and
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nitrogen precursors are from melamine which is nitrogen-rich. This approach can
effectively increase the nitrogen concentration in the reaction atmosphere. Due to
nitrogen doping into the CNTs, the carbon layers become corrugated and form bamboolike structure. More defects are introduced in terms of disordered graphitic layers and
interlinks inside the CNTs. The nitrogen mainly concentrates at the inner interlinks. High
temperature can increase the growth rate of the NCNTs. In addition, the nitrogen content
is also affected by the synthesis temperature. Lower synthesis temperature benefits the
incorporation of nitrogen and leads to higher nitrogen content. A high nitrogen content up
to 10.4 at.% was reached at 800°C, while low nitrogen content of 1.7 at.% was obtained
at high temperature of 980°C. In my research, the nitrogen content can be designed and
controlled by setting different synthesis temperatures. And the surface activity and
structure of NCNTs can be modulated by controlling different nitrogen contents inside
the nanotubes.

12.1.2 Nanowires (SnO2, Mo doped-SnO2)
SnO2 nanowires were prepared by CVD method with Au film as catalyst on different
substrates including carbon paper, stainless steel and Cu. Pure Sn powder with low
melting point was chosen as the starting material. The growth of SnO2 nanowires is quite
sensitive to the temperature. The range of the growth temperature is very narrow around
785°C for all substrates. In this optimal temperature range, dense products with long
length and clean surface can be obtained, while beyond the optimal temperature the
growth of nanowires may be inhibited. The Au particles supported at the tips of the
nanowires indicate that the growth process should follow a VLS mode. Compared with
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metal substrates, the growth is enhanced on carbon paper which has the inert surface. In
terms of metal substrates like stainless steel and Cu which can act as current collectors,
the SnO2 nanowires can be used as building blocks for potential applications like anode
materials in Li-ion batteries and catalyst support in fuel cells.
Mo-doped SnO2 nanowires were produced by CVD method on carbon paper by adding
MoO3 as Mo source with Au as catalyst. The doping level of Mo can be controlled by
choosing different precursor concentration in the starting materials. High concentration of
MoO3 in the starting materials can enhance the incorporation of Mo. But the excessive
MoO3 may decrease the density of the nanowires. The growth of Mo doped-SnO2
nanowires should follow a VLS mode. The corrosion resistance of Mo doped-SnO2
nanowires is much better than that of pristine SnO2 nanowires. Mo-doped SnO2
nanowires with improved corrosion resistance may exhibit promoted performance in a
corrosive working environment.

12.1.3 Sn-based Nanowire @ CNT Core-Shell Structures
Sn nanowire @ CNT core-shell structures were produced by CVD method using Sn
and C2H4 as the starting materials on carbon paper. The thickness of the amorphous
carbon layers can be well controlled by designing synthesis parameters like the growth
time, flow rate of C2H4 and synthesis temperature. Longer growth time, higher flow rate
of C2H4 and higher temperature not only benefit the growth of the dense aligned Sn
nanowires @ CNTs but also lead to the thicker amorphous carbon shell. The carbon shell
can be used to protect the Sn nanowires from oxidization and corrosion, and stabilize the
one-dimensional structure.
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Fe film was introduced as catalyst to tune the crystalline feature of the carbon shell.
After adding Fe into the system, a catalytic growth of carbon shell was initiated at the
surface of solid Sn nanowires. The outer carbon shell presents the graphitic features. The
effect of Fe is to switch the nature of carbon shell from amorphous carbon to graphitic
one. During the growth of Sn nanowire @ CNT core-shell structures, Fe was incorporated
into the Sn nanowires. The novel core-shell structures should follow a tip growth mode as
proposed. The switch of carbon shell from amorphous carbon to graphitic one can make
Sn nanowires @ CNTs with different carbon features as promising candidates in
electronic devices and batteries.
Multi-generation Sn nanowire @ CNT core-shell structures were produced on carbon
paper by using SnO2 and SnO powders as the precursors. The presence of C2H4 as carbon
source can make the reaction temperature much lower than the melting points of SnO2
and SnO. The growth of the novel nanostructures is temperature-dependent. Higher
temperature can enhance the growth rate and also increase the thickness of carbon shell.
At high temperature (950°C), multi-generation products with branch-like structure were
obtained with both SnO2 and SnO as the starting materials. The crytallinity of carbon
shell was investigated by Raman spectroscopy. At high temperature (950°C), SnO
precursor may lead to better crystalline carbon shell than SnO2, while at low temperature
(850°C) SnO2 favors the formation of carbon shell with better crystallinity.
Stainless steel and Cu were also explored as the substrates. The surface conditions of
the metal substrates can affect the growth and structure of the products. For stainless steel,
the surface was pre-treated by HCl and HF, respectively. HCl pre-treatment can lead to a

220

221
mixture of Sn-based alloy nanowires @ CNTs and carbon fibers containing Sn-based
alloy particles inside, while HF pre-treatment may result in straight CNTs with Sn-based
alloy supported at the tips. For Cu substrate pre-treated by HCl, dense SnCu alloy
nanowires @ CNTs were obtained covering the surface of the substrate. The core-shell
structures directly growing on the metal collectors could be applied as electrodes and
catalyst supports.
Co was directly alloyed into Sn nanowires by using Co(NO3)2·6H2O as Co source, and
core-shell structures of SnCo nanowires @ CNTs were achieved. The nanostructures have
been synthesized by in-situ CVD process which is much easier than the most methods
with multi-steps. Various precursor concentrations in the starting materials were explored
to control the composition of the alloy nanowires. The investigation reveals the effect of
Co precursor concentration on the growth and phase structure of the core-shell
nanostructures. At low Co concentration in the starting materials, the products can show
nanowire-like morphology with core-shell structure and low alloying level, while at high
Co concentration, the growth may be inhibited and the morphology would evolve into
short nanorods with high Co content. This alloy-contained core-shell structure has the
potential in producing Li-ion battery electrodes and other electronic devices.

12.1.4 Mo2S3 Nanopetals
Mo2S3 nanopetals were produced by CVD method on carbon paper using S and MoO3
as the starting materials. The effects of S concentration and Au catalyst were investigated.
Without catalyst, the dense nanopetals were only obtained under high S concentration
(S/MoO3 molar ratio of 5:1) in the starting materials. With Au catalyst, the growth of
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dense nanostructure can be easily triggered in a wide range of S/MoO3 molar ratio from
1:5 to 5:1. In the presence of Au catalyst, the stable synthesis of high-density threedimensional Mo2S3 nanoflowers composed of ten to hundred nanopetals may happen at
the optimal S/MoO3 molar ratio of 1:1. The high surface-to-volume ratio and their sharp
edge make the nanopetals and nanoflowers as potential candidates for catalyst supports
and field emission applications.

12.2 Future Work
Further investigation of the controllable synthesis of CNTs and NCNTs will be carried
out including using different carbon- and nitrogen-rich precursors and catalysts. Effects of
different precursors on the morphology and structure of CNTs and NCNTs will be studied.
Diameter of CNTs and NCNTs will be well controlled by designing the size of the
catalyst particles. To reach higher nitrogen content, effects of co-catalysts on the product
structure and nitrogen content will be explored.
In order to obtain dense SnO2 nanowires with high quality, CVD process will be
modified by using different precursors, changing the locations of starting materials and
substrates, and controlling the flow rate of carrier gas. Density of SnO2 nanowires should
be increased on both stainless steel and Cu substrates. To reduce the effects of the
substrates on the growth of nanowires, buffer layer like carbon will be introduced. SnO
and SnO2 will be used as starting materials to provide Sn precursors. For Mo doped-SnO2
nanowires, the position of Mo inside the nanowires will be tracked and the doping level
will be accurately controlled. Other dopants like Sb, Co and Ni will be introduced into
SnO2 nanowires and the control of doping level will be investigated.
222

223
Besides thickness and nature of the carbon shell, architecture of the nanostructures
such as branch-like structure of Sn-based nanowires @ CNTs will be designed to yield
higher surface area for potential applications, such as Li-ion batteries. Effects of surface
conditions of stainless steel and Cu substrates on the growth of the nanomaterials will be
further studied to produce pure core-shell structure with high yield. Controlling of the
alloying level in these nanowires will be investigated. Other substrates like Ni foam will
be used as the support substrate, and the substrate effects will be studied. Hydrothermal
method will be explored as a potential method to produce Sn-based nanowires @ CNTs.
Different precursors of Mo and S will be investigated to produce Mo2S3 nanostructure
and the study of the effects of the precursors and other synthesis parameters on the
morphology and size of the products will be performed. To optimize the synthesis
conditions, different catalysts will be explored.
Further studies of these nanomaterials as anodes for Li-ion batteries and as Pt support
for fuel cells will be systematically carried out.
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